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LOCALLY MEASURED MOVEMENT
SMOOTHING OF GNSS POSITION FIXES

CROSS-REFERENCE TO RELATED
APPLICATIONS

Continuation in Part

This application is a continuation-in-part application of
and claims the benefit of U.S. patent application Ser. No.
13/954,995 filed on Jul. 31, 2013, now U.S. Pat. No.
9,177,384, entitled “ROLLING SEQUENTIAL BUNDLE
ADJUSTMENT,” by Shawn D. Weisenburger, and assigned
to the assignee of the present application; the contents of
U.S. patent application Ser. No. 13/954,995, now U.S. Pat.
No. 9,177,384, are hereby incorporated by reference herein.

This application is a continuation-in-part application of
and claims the benefit of U.S. patent application Ser. No.
14/035,884, filed on Sep. 24, 2013, now U.S. Pat. No.
9,369,843, entitled “EXTRACTING PSEUDORANGE
INFORMATION USING A CELLULAR DEVICE” by
Rudow et al., and assigned to the assignee of the present
application and to the extent not repeated herein; the con-
tents of U.S. patent application Ser. No. 14/035,884, now
U.S. Pat. No. 9,369,843, are hereby incorporated herein by
reference.

U.S. patent application Ser. No. 14/035,884, now U.S.
Pat. No. 9,369,843, claimed priority to and benefit of then
U.S. Provisional Patent Application No. 61/746,916, filed on
Dec. 28, 2012, entitled “IMPROVED GPS/GNSS ACCU-
RACY FOR A CELL PHONE” by Rudow et al., and
assigned to the assignee of the present application; the
contents of U.S. Provisional Patent Application No. 61/746,
916 were incorporated by reference into U.S. patent appli-
cation Ser. No. 14/035,884, now U.S. Pat. No. 9,369,843.

Application Ser. No. 14/035,884, now U.S. Pat. No.
9,369,843, also claimed priority to and is a continuation-in-
part to the co-pending patent application Ser. No. 13/842,
447, entitled “OBTAINING PSEUDORANGE INFORMA-
TION USING A CELLULAR DEVICE,” by Richard
Rudow, with filing date Mar. 15, 2013, and assigned to the
assignee of the present application, the disclosure of which
was incorporated by reference into application Ser. No.
14/035,884, now U.S. Pat. No. 9,369,843.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to co-pending U.S. patent
application Ser. No. 14/134,437 filed on Dec. 19, 2013,
entitled “GNSS RECEIVER POSITIONING SYSTEM” by
Peter Large et al., and assigned to the assignee of the present
application.

This application is related to co-pending U.S. patent
application Ser. No. 14/268,956 filed on May 2, 2014,
entitled “POSITION DETERMINATION OF A CELLU-
LAR DEVICE USING CARRIER PHASE SMOOTHING,”
by Richard Rudow et al., and assigned to the assignee of the
present application; the contents of U.S. patent application
Ser. No. 14/268,956, are hereby incorporated by reference
herein.

This application is related to co-pending U.S. patent
application Ser. No. 14/268,993 filed on May 2, 2014,
entitled “DEAD RECKONING SYSTEM BASED ON
LOCALLY MEASURED MOVEMENT,” by Richard
Rudow et al., and assigned to the assignee of the present
application.
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This application is related to co-pending U.S. patent
application Ser. No. 14/268,998 filed on May 2, 2014,
entitted “CONCURRENT DUAL PROCESSING OF
PSEUDORANGES WITH CORRECTIONS,” by Richard
Rudow et al., and assigned to the assignee of the present
application.

This application is related to co-pending U.S. patent
application Ser. No. 14/269,013 filed on May 2, 2014,
entitted “LOCALLY MEASURED MOVEMENT
SMOOTHING OF POSITION FIXES BASED ON
EXTRACTED PSEUDORANGES,” by Richard Rudow et
al., and assigned to the assignee of the present application.

BACKGROUND

Photogrammetry is the practice of determining the geo-
metric properties of objects from photographic images. In
the simplest example, the distance between two points that
lie on a plane parallel to the photographic image plane can
be determined by measuring their distance on the image, if
the scale s of the image is known. This is done by multi-
plying the measured distance by 1/s.

A more sophisticated technique, called stereo photogram-
metry, involves estimating the three-dimensional coordi-
nates of points on an object. These are determined by
measurements made in two or more photographic images
taken from different positions (see stereoscopy). Common
points are identified on each image. A line of sight (or ray)
can be constructed from the camera location to the point on
the object. It is the intersection of these rays (triangulation)
that determines the three-dimensional location of the point.
More sophisticated algorithms can exploit other information
about the scene that is known a priori, for example symme-
tries, in some cases allowing reconstructions of 3-D coor-
dinates from only one camera position.

There are known current shortcomings of the available
solutions. Indeed, the optimal solution was to use a bundle
adjustment which is computationally expensive due to the
fact that all data is required before the solution can be
computed. This means a bundle adjustment per se is not
appropriate for real-time implementation.

Alternative solutions include the usage of a Kalman filter.
However, this approach fails to take advantage of the
connection of the current measurements to previously esti-
mated position and orientation states.

A third solution is to use pairs or triplets of images to
estimate the relative motion between the frames. This solu-
tion suffers from drift due to the loss of information con-
necting the measurements to images outside the pair/triplet
used for the estimation.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of this application, illustrate embodiments of
the subject matter, and together with the description of
embodiments, serve to explain the principles of the embodi-
ments of the subject matter. Unless noted, the drawings
referred to in this brief description of drawings should be
understood as not being drawn to scale. Herein, like items
are labeled with like item numbers.

FIG. 1 is the block diagram of an apparatus of the present
technology configured to implement a rolling sequential
bundle adjustment algorithm in order to obtain the coordi-
nates and orientation of an image-capturing device in real
time.
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FIG. 2 illustrates a frame from the 720 p video (1280x
720) sequence taken at 25 frames per second by Nikon D
800 camera using 35 mm lens for the purposes of the present
technology.

FIG. 3 depicts light beams passing through the pinhole of
a pinhole camera for the purposes of the present technology.

FIG. 4 shows 2-D projections of 3-D points on a plane by
using a pinhole camera for the purposes of the present
technology.

FIG. 5 illustrates x- and z-coordinates of the 2-D projec-
tion of a 3-D point through a projection center of a pinhole
camera for the purposes of the present technology.

FIG. 6 depicts an image including a number of segments,
each segment including a minimum number of tracked
features for the purposes of the present technology.

FIG. 7 illustrates the solution of collinearity equations
utilized for estimation of camera position and orientation for
each frame and for estimating 3-D coordinates of the tracked
key-points system for the purposes of the present technol-
ogy.

FIG. 8 shows the sequential update in estimation of
camera positions and orientation from the initial N frames to
the subsequent (N+1) frames while using the rolling sequen-
tial bundle adjustment algorithm for the purposes of the
present technology.

FIG. 9 depicts the comparison of the output camera
trajectories obtained by employing the rolling sequential
bundle adjustment algorithm of the present technology and
obtained by employing the prior art bundle adjustment
algorithm for values of number of frames used: N=25, 50,
and 100.

FIG. 10 illustrates the comparison of positions of the
camera obtained by employing the rolling sequential bundle
adjustment algorithm of the present technology and obtained
by employing the prior art bundle adjustment algorithm for
values of number of frames used: N=25, 50, and 100.

FIG. 11A depicts a block diagram of a device for imple-
menting locally measured movement (LMM) pseudorange
smoothing, according to one embodiment.

FIG. 11B depicts a block diagram of a device for imple-
menting locally measured movement (LMM) pseudorange
smoothing, according to one embodiment.

FIG. 11C depicts a block diagram of a device for imple-
menting locally measured movement (LMM) pseudorange
smoothing, according to one embodiment.

FIG. 11D depicts a block diagram of a device for imple-
menting locally measured movement (LMM) pseudorange
smoothing, according to one embodiment.

FIG. 11E depicts a block diagram of a device for imple-
menting locally measured movement (LMM) pseudorange
smoothing, according to one embodiment.

FIG. 12A depicts a block diagram of a cellular device for
implementing locally measured movement (LMM) pseudor-
ange smoothing, according to one embodiment.

FIG. 12B depicts a block diagram of a cellular device for
implementing locally measured movement (LMM) pseudor-
ange smoothing, according to one embodiment.

FIG. 12C depicts a block diagram of a cellular device for
implementing locally measured movement (LMM) pseudor-
ange smoothing, according to one embodiment.

FIG. 12D depicts a block diagram of a cellular device for
implementing locally measured movement (LMM) pseudor-
ange smoothing, according to one embodiment.

FIG. 13 depicts a block diagram of a GNSS receiver,
according to one embodiment.
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FIG. 14 is a block diagram of locally measured movement
smoothing logic in accordance with at least one embodi-
ment.

FIG. 15 is a graph showing the respective rates of
positioning degradation using image data and accelerometer
data.

FIGS. 16A-16D are graphs of data plots showing the
replacement of outlier position fix data points in accordance
with various embodiments.

FIG. 17A is a block diagram of a positioning component
which provides locally measured movement smoothing of
position fixes for an image capture device in accordance
with at least one embodiment.

FIG. 17B is a block diagram of a locally measured
movement component which provides locally measured
movement smoothing of position fixes for GNSS receivers
in accordance with at least one embodiment.

FIG. 18 is a flowchart of a method of improving position
determination of a device using locally measured movement
in accordance with at least one embodiment.

FIGS. 19A-19F show some implementations of a device
of FIGS. 11A-11E in accordance with various embodiments.

DESCRIPTION OF EMBODIMENTS

Reference will now be made in detail to various embodi-
ments of the subject matter, examples of which are illus-
trated in the accompanying drawings. While various
embodiments are discussed herein, it will be understood that
they are not intended to limit to these embodiments. On the
contrary, the presented embodiments are intended to cover
alternatives, modifications and equivalents, which may be
included within the spirit and scope the various embodi-
ments as defined by the appended claims. Furthermore, in
the following Description of Embodiments, numerous spe-
cific details are set forth in order to provide a thorough
understanding of embodiments of the present subject matter.
However, embodiments may be practiced without these
specific details. In other instances, well known methods,
procedures, components, and circuits have not been
described in detail as not to unnecessarily obscure aspects of
the described embodiments.

Unless specifically stated otherwise as apparent from the
following discussions, it is appreciated that throughout the
description of embodiments, discussions utilizing terms
such as “accessing,” “obtaining,” “improving,” “using,”
“discarding,” and “determining,” to transform the state of a
computer system,” or the like, refer to the actions and
processes of a computer system, data storage system, storage
system controller, microcontroller, hardware processor, or
similar electronic computing device or combination of such
electronic computing devices. The computer system or simi-
lar electronic computing device manipulates and transforms
data represented as physical (electronic) quantities within
the computer system’s/device’s registers and memories into
other data similarly represented as physical quantities within
the computer system’s/device’s memories or registers or
other such information storage, transmission, or display
devices.

The present technology addresses and provides a solution
to the following problem: How to efficiently estimate cam-
era motion from a set of video frames or image sequences in
a way feasible for real-time implementation. The present
technology further provides a solution for detecting and
correcting, or “smoothing” position fixes generated by a

2 <
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GNSS receiver system using locally measured movement
information received from one of an accelerometer and/or an
image capture device.

The main idea is to estimate camera motion by using the
previous N frames, whereas each new frame can be sequen-
tially added to the estimation while the oldest frame is
removed from the state. The sequential addition of measure-
ments from a new frame is much more efficient than
completely re-estimating the last N frames in a bundle
adjustment.

In the embodiment of the present technology, FIG. 1 is the
block diagram of an apparatus 10 configured to implement
a rolling sequential bundle adjustment algorithm in order to
obtain the coordinates and orientation of the image-captur-
ing device 14 in real time.

In the embodiment of the present technology, the image-
capturing device 14 is mounted on the mobile platform 12.
The mobile platform is selected from the group consisting
of: a car, a truck, a bike, a motorbike, a boat, etc.

In an embodiment of the present technology, the image
capturing device 14 is configured to perform an image-
capture of a scene (not shown) in a software mode (SW)
further comprising a memory 18 loaded with an image
processing algorithm 21, and a general purpose processor
(or a Digital Signal Processor, or a Graphic Processing Unit,
etc.) 20 configured to analyze the set of K-images 24,
26, . . ., 28 collected in each i-frame by enabling the image
processing algorithm 21.

In an embodiment of the present technology, the image
capturing device 14 is configured to perform an image-
capture of a scene (not shown) in a hardware mode (HW)
further comprising an ASIC chip (or FPGA chip) (not
shown) (in analog or digital modes) configured to analyze
the set of K-images 24, 26, . . . , 28 by implementing in
hardware the image processing algorithm 21.

In an embodiment of the present technology, the image
processing algorithm 21 comprises the rolling sequential
bundle adjustment algorithm. Please, see discussion below.
In an embodiment of the present technology, the image
capturing device 14 is selected from the group consisting of:
a digital camera; a digital video camera; a digital camcorder;
a stereo digital camera; a stereo video camera; a motion
picture camera; and a television camera.

In an embodiment of the present technology, as shown in
FIG. 3, the image capturing device 14 can be modeled by a
pinhole camera 108 that captures light beams 104 and 106
passing through the pinhole 102.

Motion picture or cine cameras record movement at
regular intervals in a series of frames. Television and video
cameras are configured to record movement electronically
for broadcast and storage on magnetic media or optical
disks. Camcorders are video cameras which contain both the
image sensor and recording media in a single unit.

But for the exclusion of pinhole cameras, which focus the
image on the film through a tiny hole, all other cameras use
lenses 16 (of FIG. 1) for focusing. The focal length of lenses,
i.e., the distance between the rears of the lenses (when
focused on infinity) the imaging device, determines the
angle of view, or field of view (FOV) (not shown) and the
size of objects as they appear as images 24, 26, and . . . 28.
The image is focused on that surface by adjusting the
distance between the lenses and the surface.

In an embodiment of the present technology, referring still
to FIG. 1, the lens 16 further comprises regular rectilinear
lens. Rectilinear lens is a lens in which straight lines are not
substantially curved or distorted.
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In an embodiment of the present technology, the lens 16
further comprises a fisheye lens. A fisheye lens is a wide-
angle lens that takes in an extremely wide, hemispherical
image. Fisheye lenses are often used to shoot broad land-
scapes. Fisheye lenses achieve extremely wide angles of
view by forgoing a rectilinear image, opting instead for a
special mapping (for example: equisolid angle), which gives
images a characteristic convex appearance.

In geometry, a solid angle (symbol: ) is the two-
dimensional angle in three-dimensional space that an object
subtends at a point. It is a measure of how large the object
appears to an observer looking from that point. In the
International System of Units (SI), a solid angle is a dimen-
sionless unit of measurement called a steradian (symbol: sr).
A small object nearby may subtend the same solid angle as
a larger object farther away.

In an embodiment of the present technology, the image
capturing device 14 further comprises a display (not shown)
further comprising an optical display, a liquid crystal display
(LCD), or a screen.

In an embodiment of the present technology, the image
capturing device 14 further comprises a stereo digital cam-
era. A stereo camera is a type of camera with two or more
lenses. This allows the camera to simulate binocular vision,
and therefore gives it the ability to capture three-dimen-
sional images, a process known as stereo photography.

Stereo cameras may be used for making stereo views and
3-D pictures for movies, or for range imaging. 3-D Images
Ltd., located in UK, produces a 3-D Digital Stereo cam-
era—a fully automatic, time synchronized, digital stereo
camera. Point Grey Research Inc., located in Canada pro-
duces binoculars or multiple array cameras that can provide
full field of view 3 D measurements in an unstructured
environment.

In an embodiment of the present technology, referring still
to FIG. 1, the additional navigation device 22 (including the
navigation processor 23) is configured to provide the initial
position coordinates and orientation of the image-capturing
device 14.

In an embodiment of the present technology, the addi-
tional navigation device 22 is selected from the group
consisting of: a smart phone; a tablet, a laptop, and a
personal navigation device.

A personal navigation assistant (PNA) also known as
personal navigation device or portable navigation device
(PND) is a portable electronic product which combines a
positioning capability (such as GPS) and navigation func-
tions

The latest generation of PNA have sophisticated naviga-
tion functions and feature a variety of user interfaces includ-
ing maps, turn-by-turn guidance and voice instructions. To
reduce total cost of ownership and time to market, most
modern PNA devices such as those made by Garmin Ltd.,
Mio Technology Ltd. or TomTom International BV. are
running an off-the-shelf embedded operating system such as
Windows CE or Embedded Linux on commodity hardware
with OEM versions of popular PDA Navigation software
packages such as TomTom Navigator, I-GO 2006, Netropa
IntelliNav iGuidance, or Destinator.

Other manufacturers like Garmin and Magellan prefer to
bundle their own software developed in-house. Because
many of these devices use an embedded OS, many techni-
cally inclined users find it easy to modify PNAs to run third
party software and use them for things other than navigation,
such as a low-cost audio-video player or PDA replacement.

In an embodiment of the present technology, referring still
to FIG. 1, the image-capturing device 14 (camera) is cali-
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brated. This calibration is used to correct the images for lens
16 distortions. Typical calibrations correct for principal
distance (focal length), principal point offset, radial distor-
tion, tangential distortion, and other effects that can be found
in any text book on photogrammetry. All image measure-
ments are corrected with these calibration parameters.

In an embodiment of the present technology, referring still
to FIG. 1, the calibrated image-capturing device 14 is
configured to collect the K images (24, 26, through 28) in the
i-frame; i is an integer

In an embodiment of the present technology, referring still
to FIG. 1, within each of the K images (24, 26, through 28)
key-points are identified. The key-points are the features that
are common in multiple frames. For example, in the first
frame the key-points are: the key-point 1, 30 in the image #1
24, the key-point i, 32 in the image #2 26, and key-point i,
34 in the image #K 28. These key-points should be tracked
in the following frames. See discussion below.

In an embodiment of the present technology, referring still
to FIG. 1, the obtained image data for the key-points (i, 30
in the image #1 24; i, 32 in the image #2 26; . . . i 34 in the
image #K 28) is used within the bundle adjustment algo-
rithm (please, see the discussion below) to estimate the
position and orientation of the image-capturing device 14:
the “6’-vector 40 including the position coordinates (X, y, z)
as well as the orientation angels 0, ¢, and . The obtained
image data for the key-points (i, 30 in the image #1 24; i,
32 in the image #2 26; . . . i 34 in the image #K 28) is also
used within the bundle adjustment algorithm (please, see the
discussion below) to obtain the position coordinates of the
key-points: position coordinates 42 (X;;, V;;, Z;) of the
key-point i,, the position coordinates 44 (X;,, V;», 7;5) of the
key-point i,, and the position coordinates 46 (X,z, Vx> Z;z)
of the key-point ig.

In an embodiment of the present technology, referring still
to FIG. 1, the algorithm 21 includes the rolling sequential
bundle adjustment algorithm, which is the further develop-
ment of the full bundle adjustment algorithm.

Given a set of images depicting a number of 3-D points
from different viewpoints, the bundle adjustment can be
defined as the problem of simultaneously refining the 3-D
coordinates describing the scene geometry as well as the
parameters of the relative motion and the optical character-
istics of the image-capturing device (14 of FIG. 1) employed
to acquire these images, according to an optimality criterion
involving the corresponding image projections of all points.

The correspondence problem refers to the problem of
ascertaining which parts of one image correspond to which
parts of another image, where differences are due to move-
ment of the camera, the elapse of time, and/or movement of
objects in the photos.

Given two or more images of the same 3-D scene, taken
from different points of view, the correspondence problem
refers to the task of finding a set of points in one image
which can be identified as the same points in another image.
To do this, points or features in one image are matched with
the corresponding points or features in another image. The
images can be taken from a different point of view, at
different times, or with objects in the scene in general
motion relative to the image-capturing device (for example,
a camera).

The correspondence problem can occur in a stereo situ-
ation when two images of the same scene are used, or can
be generalized to the N-view correspondence problem. In
the latter case, the images may come either from N different
image-capturing devices (cameras) photographing at the
same time or from one image-capturing device (camera)

10

15

20

25

30

35

40

45

50

55

60

65

8

which is moving relative to the scene and collecting the
image data from N-frames. The problem is made more
difficult when the objects in the scene are in motion relative
to the camera(s).

A typical application of the correspondence problem
occurs in panorama creation or image stitching—when two
or more images which only have a small overlap are to be
stitched into a larger composite image. In this case it is
necessary to be able to identify a set of corresponding points
in a pair of images in order to calculate the transformation
of one image to stitch it onto the other image.

There are two basic ways to find the key-points between
two images: the correlation-based; and the feature based.

The correlation-based method includes checking if one
location in one image looks/seems like another in another
image.

The feature-based method includes finding features in an
image and seeing if the layout of a subset of features is
similar in the two images. To avoid the aperture problem a
good feature should have local variations in two directions.

In computer vision applications the correspondence prob-
lem is studied for the case when a computer should solve it
automatically with only images as input. Once the corre-
spondence problem has been solved, resulting in a set of
image points which are in correspondence, other methods
can be applied to this set to reconstruct the position, motion
and/or rotation of the corresponding 3-D points in the scene.

Example [

To find the correspondence between set A [1,2,3,4,5] and
set B [3,4,5,6,7] find where they overlap and how far off one
set is from the other. Here we see that the last three numbers
in set A correspond with the first three numbers in set B. This
shows that B is offset 2 to the left of A.

In most camera configurations, finding correspondences
requires a search in two-dimensions. However, if the two
cameras are aligned to be coplanar, the search is simplified
to one dimension—a horizontal line parallel to the line
between the cameras. Furthermore, if the location of a point
in the left image is known, it can be searched for in the right
image by searching left of this location along the line, and
vice versa).

Image rectification is an equivalent, and more often used
alternative to perfect camera alignment. Image rectification
is usually performed regardless of camera precision because
it may be impractical to perfectly align cameras, and even
perfectly aligned cameras may become misaligned over
time.

If the images to be rectified are taken from camera pairs
without geometric distortion, this calculation can easily be
made with a transformation including: (i) X & Y rotation
that puts the images on the same plane, (ii) scaling that
makes the image frames be the same size, and (iii)) Z
rotation & skew adjustments that make the image pixel rows
directly line up. The rigid alignment of the cameras needs to
be known (by calibration) and the calibration coefficients are
used by the transform.

In performing the transform, if the cameras themselves
are calibrated for internal parameters, an essential matrix
provides the relationship between the cameras.

The more general case (without camera calibration) is
represented by the fundamental matrix. If the fundamental
matrix is not known, it is necessary to find preliminary point
correspondences between stereo images to facilitate its
extraction.
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There are basically three algorithms for image rectifica-
tion: planar rectification, cylindrical rectification, and polar
rectification. A simple method is to compare small patches
between rectified images. This works best with images taken
with roughly the same point of view and either at the same
time or with little to no movement of the scene between
image captures, such as stereo images.

A small window is passed over a number of positions in
one image. Each position is checked to see how well it
compares with the same location in the other image. Also
several nearby locations are also compared for the objects in
one image may not be at exactly the same image-location in
the other image. It is possible that there is no fit that is good
enough. This may mean that the feature is not present in both
images, it has moved farther than your search accounted for;
it has changed too much, or is being hidden by other parts
of the image.

The notion of Hough transform is important in under-
standing the bundle adjustment. More specifically, the
Hough transform is a feature extraction technique used in
image analysis, computer vision, and digital image process-
ing.

The purpose of the Hough transform technique is to find
imperfect instances of objects within a certain class of
shapes by a voting procedure. This Hough voting procedure
is carried out in a parameter space, from which object
candidates are obtained as local maxima in a so-called
accumulator space that is explicitly constructed by the
algorithm for computing the Hough transform.

The classical Hough transform was concerned with the
identification of lines in the image, but later the Hough
transform has been extended to identifying positions of
arbitrary shapes, most commonly circles or ellipses.

There are several examples of a feature-based 3-D recon-
struction algorithm.

Scale-invariant feature transform (or SIFT) is an algo-
rithm in computer vision designed to detect and describe
local features in images. The algorithm was published by
David Lowe in 1999. This algorithm uses the Hough trans-
form. Applications include object recognition, robotic map-
ping and navigation, image stitching, 3-D modeling, gesture
recognition, video tracking, individual identification of
wildlife and match moving. The algorithm is patented in the
US; the owner is the University of British Columbia. Please,
see U.S. Pat. No. 6,711,293, entitled “Method and apparatus
for identifying scale invariant features in an image and use
of same for locating an object in an image” and issued to
David G. Lowe.

According to the scale-invariant feature transform (or
SIFT) algorithm, for any object in an image, interesting
points on the object can be extracted to provide a “feature
description” of the object. This description, extracted from
a training image, can then be used to identify the object
when attempting to locate the object in a test image con-
taining many other objects. To perform reliable recognition,
it is important that the features extracted from the training
image be detectable even under changes in image scale,
noise and illumination. Such points usually lie on high-
contrast regions of the image, such as object edges.

Another important characteristic of these features is that
the relative positions between them in the original scene
shouldn’t change from one image to another. For example,
if only the four corners of a door were used as features, they
would work regardless of the door’s position; but if points
in the frame were also used, the recognition would fail if the
door is opened or closed. Similarly, features located in
articulated or flexible objects would typically not work if
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any change in their internal geometry happens between two
images in the set being processed.

However, in practice SIFT detects and uses a much larger
number of features from the images, which reduces the
contribution of the errors caused by these local variations in
the average error of all feature matching errors.

Lowe’s patented method can robustly identify objects
even among clutter and under partial occlusion, because his
SIFT feature descriptor is invariant to uniform scaling,
orientation, and partially invariant to affine distortion and
illumination changes. This section summarizes Lowe’s
object recognition method and mentions a few competing
techniques available for object recognition under clutter and
partial occlusion.

SIFT key-points of objects are first extracted from a set of
reference images and stored in a database. An object is
recognized in a new image by individually comparing each
feature from the new image to this database and finding
candidate matching features based on Euclidean distance of
their descriptor vectors. From the full set of matches, subsets
of key-points that agree on the object and its location, scale,
and orientation in the new image are identified to filter out
good matches. The determination of consistent clusters is
performed rapidly by using an efficient hash table imple-
mentation of the generalized Hough transform. Each cluster
of 3 or more features that agree on an object and its pose is
then subject to further detailed model verification and sub-
sequently outliers are discarded. Finally the probability that
a particular set of features indicates the presence of an object
is computed, given the accuracy of fit and number of
probable false matches. Object matches that pass all these
tests can be identified as correct with high confidence. Table
I summarizes the advantages of using SIFT algorithm in the
image analysis.

TABLE I
Problem Technique Advantage
Key/ DoG/scale-space pyramid/ Accuracy, stability, scale &
localization  orientation assignment rotational invariance
scale/rotation
Geometric Blurring/resampling of local ~ Affine invariance
distortion image orientation planes

Indexing and Nearest neighbor/Best Bin
matching First search

Cluster Hough Transform voting
identification
Model
verification/
outlier
detection
Hypothesis
acceptance

Efficiency/speed
Reliable pose models

Better error tolerance with
fewer matches

Linear least squares

Bayesian Probability analysis Reliability

Match moving algorithm is another 3-D reconstruction
algorithm. In cinematography, match moving is a cinematic
technique that allows the insertion of computer graphics into
live-action footage with correct position, scale, orientation,
and motion relative to the photographed objects in the shot.
The term is used loosely to describe several different meth-
ods of extracting camera motion information from a motion
picture. Sometimes referred to as motion tracking or camera
solving, match moving is related to rotoscoping and photo-
grammetry. Rotoscoping is an animation technique in which
animators trace over footage, frame by frame, for use in
live-action and animated films.

Match moving is sometimes confused with motion cap-
ture, which records the motion of objects, often human
actors, rather than the camera. Typically, motion capture
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requires special cameras and sensors and a controlled envi-
ronment. Match moving is also distinct from motion control
photography, which uses mechanical hardware to execute
multiple identical camera moves. Match moving, by con-
trast, is typically a software-based technology, applied after
the fact to normal footage recorded in uncontrolled envi-
ronments with an ordinary camera.

Match moving is primarily used to track the movement of
a camera through a shot so that an identical virtual camera
move can be reproduced in a 3-D animation program. When
new animated elements are composited back into the origi-
nal live-action shot, they will appear in perfectly-matched
perspective and therefore appear seamless

By using SIFT or match moving algorithm to analyze a set
of image data captured by an image-capturing device, it is
possible to obtain the estimation of position of an object.

The SIFT or match moving algorithms never actually
compute the pose of objects, only the pose of the camera. If
the geometry of an object is known, the pose of the camera
can be determined relative to that object. In this implemen-
tation, only key-points are used in which their positions are
estimated.

The Bundle adjustment algorithm is used as the last step
of every feature-based 3-D reconstruction algorithm. It
amounts to an optimization problem on the 3-D structure
and viewing parameters (i.e., camera pose and possibly
intrinsic calibration and radial distortion), to obtain a recon-
struction which is optimal under certain assumptions regard-
ing the noise pertaining to the observed image features.

If the image error is zero-mean Gaussian, then bundle
adjustment is the Maximum Likelihood Estimator. Its name
refers to the bundles of light rays originating from each 3-D
feature and converging on each camera’s optical center,
which are adjusted optimally with respect to both the
structure and viewing parameters.

In statistics, Maximum-Likelihood estimation (MLE) is a
method of estimating the parameters of a statistical model.
When applied to a data set and given a statistical model,
maximum-likelihood estimation provides estimates for the
model’s parameters.

In general, for a fixed set of data and underlying statistical
model, the method of maximum likelihood selects the set of
values of the model parameters that maximizes the likeli-
hood function. Intuitively, this maximizes the “agreement”
of the selected model with the observed data, and for
discrete random variables it indeed maximizes the probabil-
ity of the observed data under the resulting distribution.
Maximum-likelihood estimation gives a unified approach to
estimation, which is well-defined in the case of the normal
distribution and many other problems.

Bundle adjustment boils down to minimizing the re-
projection error between the image locations of observed
and predicted image points, which is expressed as the sum
of squares of a large number of nonlinear, real-valued
functions.

The re-projection error is a geometric error corresponding
to the image distance between a projected point and a
measured one. It is used to quantify how closely an estimate
of a 3-D point recreates the point’s true projection.

Minimizing the re projection error can be used for esti-
mating the error from point correspondences between two
images. The correspondences can be interpreted as imper-
fect images of a world point and the re-projection error
quantifies their deviation from the true image projections

Thus, the minimization of the re projection error can be
achieved by using nonlinear least-squares algorithms. Of
these, Levenberg-Marquardt has proven to be one of the
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most successtul due to its ease of implementation and its use
of an effective damping strategy that lends it the ability to
converge quickly from a wide range of initial guesses.

Various more-or-less heuristic arguments have been put
forward for the best choice for the damping parameter A.
Theoretical arguments exist showing why some of these
choices guaranteed local convergence of the algorithm;
however these choices can make the global convergence of
the algorithm suffer from the undesirable properties of
steepest-descent, in particular very slow convergence close
to the optimum.

Marquardt recommended starting with a value A, and a
factor v>1. Initially setting A=A, and computing the residual
sum of squares after one step from the starting point with the
damping factor of A=A, and secondly with A./v. If both of
these are worse than the initial point then the damping is
increased by successive multiplication by v until a better
point is found with a new damping factor of A v* for some
k.

If use of the damping factor A/v results in a reduction in
squared residual then this is taken as the new value of A (and
the new optimum location is taken as that obtained with this
damping factor) and the process continues; if using A/v
resulted in a worse residual, but using A resulted in a better
residual, then A is left unchanged and the new optimum is
taken as the value obtained with A as damping factor.

When solving the minimization problems arising in the
framework of bundle adjustment, the normal equations have
a sparse block structure owing to the lack of interaction
among parameters for different 3-D points and cameras. This
can be exploited to gain tremendous computational benefits
by employing a sparse variant of the Levenberg-Marquardt
algorithm which explicitly takes advantage of the normal
equations zeros pattern, avoiding storing and operating on
zero elements.

Bundle adjustment amounts to jointly refining a set of
initial camera and structure parameter estimates for finding
the set of parameters that most accurately predict the loca-
tions of the observed points in the set of available images.

The full bundle adjustment is the optimal solution and
makes use of all images. However, it requires all images to
be collected before any processing can be completed and is
not a real-time solution.

In the pair-wise or triplet pose change technique, only 2
or 3 images are used to estimate the change in position and
orientation over the image set. When summed up over many
images, a trajectory can be estimated. For example, see the
U.S. Pat. No. 7,336,814 entitled “Method and apparatus for
machine-vision”. However, the solution provided by this a
technology is prone to drift over time due to the loss of
connection between even 2 or 3 images over time.

Kalman filter also can be used to estimate the current
position and orientation (pose) of an object.

More specifically, the Kalman filter, also known as linear
quadratic estimation (LQE), is an algorithm that uses a series
of measurements observed over time, containing noise (ran-
dom variations) and other inaccuracies, and produces esti-
mates of unknown variables that tend to be more precise
than those based on a single measurement alone.

The Kalman filter has numerous applications in technol-
ogy. A common application is for guidance, navigation and
control of vehicles, particularly aircraft and spacecraft.
Furthermore, the Kalman filter is a widely applied concept
in time series analysis used in fields such as signal process-
ing and econometrics.
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The Kalman filter algorithm works in a two-step process.
In the prediction step, the Kalman filter produces estimates
of the current state variables, along with their uncertainties.
Once the outcome of the next measurement (necessarily
corrupted with some amount of error, including random
noise) is observed, these estimates are updated using a
weighted average, with more weight being given to esti-
mates with higher certainty. Because of the algorithm’s
recursive nature, it can run in real time using only the present
input measurements and the previously calculated state; no
additional past information is required.

From a theoretical standpoint, the main assumption of the
Kalman filter is that the underlying system is a linear
dynamical system and that all error terms and measurements
have a Gaussian distribution (often a multivariate Gaussian
distribution).

However, a solution provided by the Kalman drifts over
time due to loss of connection between images thus making
it difficult to use the Kalman filter for real time applications.

The present technology of the rolling bundle adjustment,
as it is explained below, is an improvement over the prior art
techniques of bundle adjustment algorithm because it allows
to significantly decrease the amount of computation time
thus making possible the real time determination of the pose
of the image-capturing device.

Indeed, as it is fully explained below, with each new
frame, the rolling bundle adjustment algorithm prescribes
removing the position and orientation states associated with
the oldest frame and adding position and orientation states
for the new frame. An initial estimate of the current frames
position and orientation can be made by simply using the
previous frames position and orientation estimate. The
image locations of the key-points from the last frame are
then identified in the new frame. These image measurements
are then added to the estimation process using the method of
sequential least squares which is much more efficient than
completely running the bundle adjustment on the last N
frames.

In the embodiment of the present technology, as shown in
FIG. 1, the general processor 20 of FIG. 1 is configured to
execute the algorithm 21 of FIG. 1 further comprising a
rolling bundle adjustment algorithm. The rolling bundle
adjustment algorithm computes a bundle adjustment using N
frames every time a new frame is available. This is the
starting point for this new technique, however the rolling
bundle adjustment algorithm uses sequential least squares to
add the new frame rather than completely redo the bundle
adjustment. Please, full discussion below.

The rolling bundle adjustment algorithm of the present
technology is basically a cross between a Kalman filter and
the rolling bundle adjustment. Although implemented using
sequential least squares, the mathematics are identical to a
Kalman filter that retains the previous N-1 frame position
and orientation states.

Example 11

In general for N frames the tracking algorithm has to track
at least 5 key-points through all N frames for bundle
adjustment algorithm to work. How many minimum key-
points the tracking algorithm has to track if only 5 frames
were taken? The answer is still 5 key-points. Indeed, assume
that for N taken frames; and K key-points are being tracked.
This means the number of unknowns is N*6+K*3 (position
and orientation per frame plus the positions of the key-
points) while the number of measurements is N*K*2 (2
measurements per key point per frame). So if N=5, there are
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(30+K*3) unknowns and 10*K measurements. Since, more
measurements than unknowns are required for a problem to
be at least determined (or over-determined, but not under-
determined): 10*K>(30+3*K), so K>30/7 or K>=5.

Example III

FIG. 2 illustrates a frame from the video sequence 60
taken from a Nikon D 800 camera using a 35 mm lens. All
images include at least four key-points: image 60 includes
the key-points 62 through 88. The camera was set to collect
720 p video (1280x720) at 25 frames per second. Calibration
parameters for the camera/lens were pre-computed using the
Open CV camera calibration routines. It should be noted that
the calibration parameters may also be estimated on the fly
as part of the process, however this was not done in this test.
The round targets (1000-1011) (or key-points 62, 64, 66 68,
70, 72, 74 76, 78, 80, 82 and 84), were tracked throughout
the sequence while the camera was moved (keeping the
targets in view at all times to simplify the test). For this
example the number of frames used in the rolling bundle
adjustment is 25, i.e. 1 second of data.

In order for the rolling bundle adjustment algorithm of the
present technology to work, the system should be initialized.
For example, the additional navigation device 22 (of FIG. 1)
can be used to obtain the initial position coordinates of the
image-capturing device 14.

In the embodiment of the present technology, after the
initialization is done, but before any estimation can be done,
the key-points are identified by using 3 non-collinear targets
with known absolute or relative positions. This can be done
for the example by automatically identifying the target
centers using an existing algorithm within Trimble. The
choice of these points can be an important decision. If the
initial set of points is able to sufficiently define a datum, the
estimated camera positions and orientations can be in this
datum and be appropriately scaled.

In the embodiment of the present technology, before any
estimation can be done, the key-points are identified by
using a key-point detection algorithm such as Sift, Surf,
BRISK, etc. Many of these algorithms are already imple-
mented within Open CV.

When natural features are used, an arbitrary coordinate
system (not shown) can be defined. If a distance measure-
ment is visible in the images it can be used to correctly scale
the solution, otherwise the estimates will also be arbitrarily
scaled (i.e. the estimated positions will require a similarity
transformation to obtain world coordinates). Alternatively, if
the location of the camera can be determined via some other
positioning system (say GNSS), these camera location esti-
mates can be used to scale the solution as well as define the
required datum.

In the embodiment of the present technology, referring
still to FIG. 1, once the key-point 30 has been found in the
first image 24, the corresponding key-points should be found
in the following frames (not shown). This can be done by
using key-point descriptors or tracking algorithms such as
the Lucas-Kanade tracking algorithm.

The Lucas-Kanade method is a widely used differential
method for optical flow estimation developed by Bruce D.
Lucas and Takeo Kanade. It assumes that the flow is
essentially constant in the proximity of the pixel under
consideration, and solves the basic optical flow equations for
all the pixels in that vicinity, by the least squares criterion.
By combining information from several nearby pixels, the
Lucas-Kanade method can often resolve the inherent ambi-
guity of the optical flow equation. It is also less sensitive to
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image noise than point-wise methods. On the other hand,
since it is a purely local method, it cannot provide flow
information in the interior of uniform regions of the image.

The Kanade-Lucas-Tomasi (KLT) feature tracker is an
approach to feature extraction. It is proposed mainly for the
purpose of dealing with the problem that traditional image
registration techniques are generally costly. KT makes use
of spatial intensity information to direct the search for the
position that yields the best match. It is faster than traditional
techniques for examining far fewer potential matches
between the images.

In an embodiment of the present technology, the rolling
sequential bundle adjustment algorithm (21 of FIG. 1) needs
at least 5 key-points for each frame when K=1.

In an embodiment of the present technology, as shown in
FIG. 6, to ensure good geometry while also keeping the
number of tracked features low is to segment the image 180
into sections (182, 184, 186, 188, 190, 192, 194, 199 and
198) and attempt to track a minimum two key-points (200
and 202) in each segment in the subsequent frames.

In an embodiment of the present technology, one of the
requirements for the imagery is that the corresponding
images (in consequent frames) have a significant overlap
(say >50%) with one another. The frame rate required to
maintain such overlap is dependent on the camera dynamics.
Higher dynamics will require a higher frame rate.

In an embodiment of the present technology, an alterna-
tive approach to using a constant frame rate is to collect
images whenever the camera moves a given distance or
changes orientation by a maximum rotation. This approach
requires a secondary source of position, velocity, and/or
orientation to control the camera shutter.

In an embodiment of the present technology, referring still
to FIG. 1, the collected image data is next fed into a least
squares bundle adjustment algorithm 21 which estimates the
position and orientation of the image-capturing device 14 for
each frame (6'-vector 40 including the position coordinates
(%, v, z) as well as the orientation angels 0, ¢, and 1) as well
as the 3-D coordinates of the tracked key-points: position
coordinates 42 data (x,;, y,,, z;;) for the key-point i,, the
position coordinates 44 data (X;,, V,», Z;5) for the key-point
1,, and the position coordinates 46 data (s,_;, V,x, Z;x) for the
key-point ig.

The fundamental equations that are solved in the estima-
tion are known as the collinearity equations. The collinearity
equations are a set of two equations, used in photogramme-
try and remote sensing to relate coordinates in a sensor plane
(in two dimensions) to object coordinates (in three dimen-
sions). The equations originate from the central projection of
a point of the object through the optical center of the camera
to the image on the sensor plane.

FIGS. 3, 4, and 5 illustrate the geometry that is utilized in
collinearity equations.

More specifically, FIG. 3 depicts light beams 104 and 106
passing through the pinhole 102 of a pinhole camera 108.

FIG. 4 shows 2-D projection 134 of 3-D point 128 (2-D
projection 130 of 3-D point 124, and 2-D projection 132 of
3-D point 126) on a plane 140 by using a pinhole camera
with the center 122.

FIG. 5 illustrates x (168) and z (162) coordinates of 2-D
projection C 156 of 3-D point through a projection center
102 of the pinhole camera 108 of FIG. 3, as well as x (164)
and z (160) coordinates of 2-D projection P 158 of 3-D point
through the projection center 102 of the pinhole camera 108
of FIG. 3.

Derivation and details of the collinearity equations can be
found in any textbook on photogrammetry. One possible
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derivation (please, see for the reference “Elements of Pho-
togrammetry” by Paul R. Wolf] published by McGraw-Hill,
2000) results in the following:

v = _C[mu(Xa = X)+mp(Ye - Y)+ms(Z, _Zl)] (Eq. 1)
ma1(Xg — X)) + mz(Ye — Y)) + ma3(Z; — Z))
. _C[mZI(Xa = X)+mn(Ye—Y) +mxn(Z, —Zl)] (Eq. 2)
m31(Xa — X)) + ma2 (Yo — Yo) + m33(Zs — Zp)
myy miz my3 (Eq. 3)
m=|nip My my3
mz; msz Ms3
sinwsingcosk +  —coswsingcosk + (Eq. 4)
cospcosk . . i
COSWSINK S1NWSINK
= . —sinwsingsink +  coswsingsink +
—cos@sink .
COSWCOSK SINWCOSK
sing —sinwcosg COSWCosP
where
x, is the measured x image coordinate of point a;
y, is the measured y image coordinate of point a;
X, Y,, Z, are the world coordinates of point a;
X, Y,, Z, are the world coordinates of camera I;
, ¢, k are the Euler angle rotations of camera 1;
c is the principal distance (approximately the focal length
of the camera);
m is the rotation matrix from the camera coordinate

system to the world coordinate system.

In an embodiment of the present technology, FIG. 7
illustrates the geometry involved in formulation of collinear-
ity equations (Eq. 1 and Eq. 2) with the matrix m given by
(Eq. 3 and Eq. 4) that are utilized for estimation of camera
position and orientation for each frame and for estimating
3-D coordinates of the tracked key-points.

Referring still to FIG. 7, 3-D coordinates (X ,, Y, Z,) of
3-D point A in World Coordinate System (WCS) (X 226, Y
224, 7 222) are indicated by point 232, whereas 3-D
coordinates (X;, Y;, Z;) of 3-D point of the camera center
L in World Coordinate System (WCS) are indicated by point
236.

Referring still to FIG. 7, 2-D coordinates (x,, y,) of the
point a in 2-D camera Local Coordinate System (L.CS)
(camera frame plane) are shown by point 230.

Example IV

Referring still to FIG. 2, suppose that the 12 targets (62,
64, 66, 68,70,72,74, 76, 78, 80, 82, and 84) are tracked and
their coordinates are known. Each image results in 2 mea-
surements (x and y) per target per frame resulting in
2%*12%25=1200 measurements for 25 frames. The unknowns
in this example would be the position and orientation of the
image-capturing device (14 of FIG. 1) (including camera
Nikon D 800 camera using a 35 mm lens) per frame, i.e.
6%*25=150 unknowns. Clearly the minimum number of
image measurements should be 150/25/2=3. In the case
where an additional 3 natural features are tracked, there
would be an additional 3*2%*25=150 measurements as well
as an additional 3*3=9 unknowns (XYZ for each of the three
points). Additional measurements to known or unknown
points can add significant geometric strength to the estima-
tion resulting in estimates with less noise.

In an embodiment of the present technology, the collinear-
ity equations (Eq. 1 and Eq. 2) with the matrix m given by
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(Eq. 3 and Eq. 4) are re-formulated in terms of least squares
adjustment for the purposes of optimal estimation.

More specifically, in an embodiment of the present tech-
nology, the basic least squares equations for the above
problem are summarized as follows:

=A%) (Eq. 5)

F=Ab+w (Eq. 6)

w=Alx°)-1 (Eq. 7)

d=-N"lu=—Tc; ay aTe w (Eq. 8)

C=N"! (Eq. 9)
Where

1is a vector of adjusted observations;

f(X) is the collinearity equations evaluated at X;

x° is the current estimate of the state x;

I is a vector of residuals;

A is a Jacobean matrix (partial derivatives of the col-
linearity equations w.r.t. the unknowns);

d is a vector of corrections to the unknown parameters;

w is a vector of misclosures;

C, is the covariance matrix for the measurements;

C. is the covariance matrix for the estimated parameters.

One of the most time consuming operations in the esti-
mation is the inversion of the matrix (N) with the number of
rows and columns equal to the number of unknown states.
Given the iterative nature of least squares, this matrix may
require inversion once per iteration.

In an embodiment of the present technology, as was
disclosed above, once the initialization has been completed,
the camera positions and orientations for the first N frames
have been estimated along with the positions of the selected
key-points. The next step is to continue estimating the
camera states the as new subsequent frames (N+1, N+2, etc.)
become available.

In an embodiment of the present technology, FIG. 8
shows the rolling adjustment sequential update algorithm
250 in estimation of camera positions and orientation from
the initial N frames to the subsequent (N+1) frames.

More specifically, the bundle adjustment algorithm solu-
tion based on the initial N frames (from 252 and up to 262)
is schematically noted as the initial solution 274, whereas
the bundle adjustment algorithm solution based on (N+1)
frames (from 252 and up to 264) is schematically noted as
the subsequent solution 276.

When a new frame becomes available, the oldest frame is
removed from the state estimation. The rows and columns
associated with the frame to be removed are replaced with
initial estimates for the newest frame. This initial estimate of
the camera position and orientation at the new frame may be
computed from the estimated key-points or if the frame rate
is high relative to the camera dynamics the estimate can
simply be set to the same values as the previous frame.

In an embodiment of the present technology, the rolling
sequential update is accomplished in a sequential manner
using the following equations:

SO=EO_K fw,+4,80] (Eq. 10)

CD=N"\K4N, ! (Eq. 11)

(Ba.  K=N,"'4,7[Cred,N, 4,7 12)
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Where (+), (-) indicate parameters before and after the
measurement update.

The major advantage of this technique is that the only new
inversion required for the sequential update is the matrix
contained within the gain term K. The matrix to be inverted
is a square matrix with the dimensions equal to the number
of new measurements associated with the new image.

Example V

For the Examples III and IV outlined above in which 12
key-points are tracked, the required inversion would be on
a 24x24 matrix. This is compared to re-computing the
bundle adjustment with all N frames which would require an
inversion of a matrix with dimensions of 25*6x25%6=150x
150.

One of the practical justifications of the present algorithm
of rolling sequential bundle adjustment that utilizes images
to track position and orientation changes is that some
key-points will no longer be visible as the camera moves.

This requires that the no longer visible key-points be
removed from the estimation as they no longer provide
useful information. This removal is accomplished by simply
removing the associated rows and columns in the state and
covariance matrices. Also, as the camera moves it will
become necessary to identify and track new key-points and
add them into the estimation. Once a new key-point is
identified, it should be tracked over multiple images in order
to compute initial coordinates which can then be used to
insert the associated position into the state and covariance
matrices.

FIG. 9 depicts in the Global Coordinate System X (310),
Y (308) and Z (306) the comparison 300 of the output
camera trajectories (302 and 304) obtained by employing the
rolling sequential bundle adjustment algorithm of the pres-
ent technology and obtained by employing the prior art
bundle adjustment algorithm for values of number of frames
used: N=25, 50, and 100.

The results illustrated in FIG. 9 demonstrate the proof of
concept that the results obtained by employing the rolling
sequential bundle adjustment algorithm of the present tech-
nology and obtained by employing the prior art bundle
adjustment algorithm are very close, but the method of the
present technology of employing the rolling sequential
bundle adjustment algorithm required exponential less com-
puting time.

FIG. 10 illustrates the comparison 320 of positions of the
camera obtained by employing the rolling sequential bundle
adjustment algorithm of the present technology and obtained
by employing the prior art bundle adjustment algorithm for
values of number of frames used: N=25 (the error curve
324), 50 (the error curve 322), and 100 (the error curve 326).
The error curves are becoming negligible (max less than 7
mm) as the number of frames used is going up.

As N gets larger, the differences between the optimal
solution and the sequential solution begin to approach one
another, and however the cost is a slight increase in com-
putational requirements. For this example even when N=25
the maximum difference is about 21 mm. Also, the time
required to update a frame was approximately 25 msec on a
laptop with an Intel 17 processor and no optimization of the
software.

The results illustrated in FIG. 10 again demonstrate the
proof of concept that the results obtained by employing the
rolling sequential bundle adjustment algorithm of the pres-
ent technology and obtained by employing the prior art
bundle adjustment algorithm are very close, but the method



US 9,488,736 B2

19

of the present technology of employing the rolling sequen-
tial bundle adjustment algorithm required exponential less
computing time.

The above discussion has set forth the operation of
various exemplary systems and devices, as well as various
embodiments pertaining to exemplary methods of operating
such systems and devices. In various embodiments, one or
more steps of a method of implementation are carried out by
a processor under the control of computer-readable and
computer-executable instructions. Thus, in some embodi-
ments, these methods are implemented via a computer.

In an embodiment, the computer-readable and computer-
executable instructions may reside on computer useable/
readable media.

Therefore, one or more operations of various embodi-
ments may be controlled or implemented using computer-
executable instructions, such as program modules, being
executed by a computer. Generally, program modules
include routines, programs, objects, components, data struc-
tures, etc., that perform particular tasks or implement par-
ticular abstract data types. In addition, the present technol-
ogy may also be practiced in distributed computing
environments where tasks are performed by remote process-
ing devices that are linked through a communications net-
work. In a distributed computing environment, program
modules may be located in both local and remote computer-
storage media including memory-storage devices.

Although specific steps of exemplary methods of imple-
mentation are disclosed herein, these steps are examples of
steps that may be performed in accordance with various
exemplary embodiments. That is, embodiments disclosed
herein are well suited to performing various other steps or
variations of the steps recited. Moreover, the steps disclosed
herein may be performed in an order different than pre-
sented, and not all of the steps are necessarily performed in
a particular embodiment.

Although various electronic and software based systems
are discussed herein, these systems are merely examples of
environments that might be utilized, and are not intended to
suggest any limitation as to the scope of use or functionality
of the present technology. Neither should such systems be
interpreted as having any dependency or relation to any one
or combination of components or functions illustrated in the
disclosed examples.

Locally Measured Movement Smoothing of GNSS
Position Fixes

Various embodiments are well suited for correcting errors
caused by multipath in pseudorange estimates. For example,
multipath error can occur as signals bounce off of various
objects, such as buildings or other objects, reflecting signals
along many paths. Extracted pseudorange information is an
example of pseudorange estimates.

Multipath refers to the simultaneous processing in the
GNSS receiver of both the desired GNSS signal and
reflected versions of the desired GNSS signal that arrive a
very short time after the desired signal. The two signals pass
through the GNSS receiver and are processed by the down
converter and the timing measurement systems that develop
the pseudoranges. Instantaneous combining of the two sig-
nals, desired and slightly-later multipath, result in erroneous
pseudoranges, which may be quite different in instantaneous
magnitude from the true pseudorange that should have been
determined.

Since it is very hard to shield a GNSS receiver/antenna
system from such reflections, alternate means for coping
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with the interference have been developed. In accordance
with various embodiments described herein, locally mea-
sured movement can be used to discipline, or correct, errant
data position fixes which can be caused by various factors
including multipath errors. The term “disciplining” is used
in the art to describe bringing two dissimilar signals into
near congruity by a comparison method such as by using
feedback loops. One example uses a phase-tracking system
which adjusts a local reference signal to match as closely as
possibly another incoming signal. With reference to various
embodiments, the term “disciplining” describes comparing a
first distance determined from two successive GNSS posi-
tion fixes (e.g., P,-P,) with locally measured movement
(LMM) position shift distances and, if P,-P, is greater than
the LMM position shift distance by a selected threshold
value (e.g., 1.5 times the LMM position shift distance or
greater) the GNSS position fix at P, is discarded and the
LMM position shift distance is added to the previous GNSS
position fix (e.g. P,) to determine the position of a device.

Locally measured movement information, according to
one embodiment, is information that includes measurements
of movement where the movement, and the measurements
of the movement, occur locally with respect to a cellular
device. For example, an accelerometer that is attached or
part of a cellular device can be used to measure the distance
and direction that the cellular device has moved as well as,
in some cases, its orientation. A typical inertial measurement
unit (IMU) refers to a device which measures gravitational
forces, velocity, and orientation using a combination of
accelerometers and gyroscopes, and also sometimes mag-
netometers. These IMUs are typically large devices used for
long-term (minutes, hours, or days), high-precision mea-
surements of position. It is noted that for the purpose of the
present application, the term “accelerometer” refers to a
device which is not a component of an IMU and is used for
shorter-term (e.g., 20 seconds) and less precise measurement
of a device’s position than is typically obtained using an
IMU. Similarly, as described above algorithm 21 can utilize
one or more images obtained with an image capture device
that is attached or part of the cellular device can be used to
measure the distance and direction the cellular device has
moved as well as its orientation.

FIG. 11A depicts a block diagram of a device 1100 for
applying LMM smoothing logic in accordance with one
embodiment.

As described herein, in various embodiments information
can be extracted from the GNSS receiver 1107, such as, but
not limited to, a position fix, pseudorange information,
Doppler Shift Information, Real Carrier Phase Measure-
ment, WAAS and SBAS. Other types of processing infor-
mation output by the GNSS chipset 1107 can be ignored. In
accordance with various embodiments, GNSS chipset 1107
is configured for receiving radio navigation signals from
global navigation satellites (e.g., 1202 of FIG. 12A) and for
deriving a position fix of device 1100 based therecon. As an
example, GNSS chipset 1107 can derive a position fix for
device 1100 from a variety of satellite navigation systems
including, but not limited to: GPS, GNSS, GLONASS,
GALILEO, BeiDou, and Compass.

The hardware architecture of device 1100 includes dis-
creet physical layout and interconnection of multiple chip-
sets for processing and for special purposes such as a GNSS
chipset 1107. In addition, newer architectures involve fur-
ther integration of chipsets in the “system on a chip” (SoC)
configuration. In this configuration, the GNSS chipset 1107
can still be a complete element capable of delivering a PVT
(position velocity and time) solution, or a low-cost imple-
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mentation which simply outputs a position fix. However in
another embodiment, pseudorange information, carrier
phase, and/or Doppler measurements, along with WAAS
corrections if available, can be extracted prior to further
signal processing in the GNSS chipset 1107 and are pro-
cessed using different algorithms and corrections data for
developing an improved accuracy PVT solution. In so doing
the deleterious effects of multipath and other error sources
may be minimized. Further the GNSS chipset 1107 outputs
are ignored and not displayed when the external processing
is employed and the higher-accuracy PVT data is available.

As depicted in FIG. 11A, device 1100 further comprises
an operating system 1160 and hardware 1180 that are outside
of the GNSS chipset 1107. In accordance with various
embodiments, LMM smoothing logic 1130 can interface
between the GNSS chipset 1107 and the location manager
logic 1161, which resides in the operating system 1160. In
the embodiment of FIG. 11A, hardware 1180 comprises, but
is not limited to, a processor 1109, a memory 1110 having
algorithm 21 described above resident therein, at least one
accelerometer 1115, and an image capture device 1116. In
accordance with various embodiments, processor 1109 is for
processing information and instructions (e.g., stored in
memory 1110) while memory 1110 is configured for storing
information and instructions for processor 1109. It is noted
that memory 1110 can comprise volatile memory and/or a
non-volatile computer readable storage medium, as well as
removable data storage media in accordance with various
embodiments. An example of hardware memory 1110 is a
physically tangible non-transitory computer readable stor-
age medium, such as, but not limited to a disk, a compact
disk (CD), a digital versatile device (DVD), random access
memory (RAM) or read only memory (ROM) for storing
instructions. An example of a hardware processor 1109 for
executing instructions is a central processing unit. Examples
of instructions which are computer readable instructions for
implementing various embodiments include LMM smooth-
ing logic 1130 which can be stored on a hardware memory
1110 and can be executed, for example, by the hardware
processor 1109, and algorithm 21 described above for imple-
menting rolling sequential bundle adjustments. According to
at least one embodiment, the LMM smoothing logic 1130
and algorithm 21 are located in a portion of device 1100 that
is outside of the GNSS chipset 1107. Examples of an
accelerometer 1115 are an ADXI.330/335 chipset acceler-
ometer made by Analog Devices Inc. and a LIS3LV02DQ
made by STMicroelectronics.

Examples of image capture device 1116 are a camera, a
video camera, a digital camera, a digital video camera, a
digital camcorder, a stereo digital camera, a stereo video
camera, a motion picture camera, and a television camera.
The image capture device 1116 may use a lens or be a
pinhole type device. It is noted that image capture device
1116 is analogous to image-capturing device 14 of FIG. 1.
Examples of image capture device 1116 are a camera, a
video camera, a digital camera, a digital video camera, a
digital camcorder, a stereo digital camera, a stereo video
camera, a motion picture camera, and a television camera.
The image capture device 1116 may use a lens or be a
pinhole type device. It is noted that image capture device
1116 is analogous to image-capturing device 14 of FIG. 1.

In FIG. 11 A, hardware 1180 further comprises a wireless
Personal Area Network (PAN) transceiver 1140. Wireless
PAN transceiver 1140 is configured to utilize implementa-
tions of the IEEE 802.15.4 specification for personal area
networks operating in the Instrument Scientific and Medical
(ISM) ban of the radio frequency spectrum in the 2400-2484
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MHz range such as implementations of the Bluetooth®
standard and of the ZigBee® standard. In FIG. 11A, hard-
ware 1180 further comprises an optional microphone (e.g.,
mic. 1145) coupled with and analog-to-digital converter
(ADC) 1146. In at least one embodiment, microphone 1145
is configured for receiving audible information such as
ambient noise and/or voice commands which can be used to
initiate and control actions performed by device 1100 and is
converted to a digital format by ADC 1146. In accordance
with at least one embodiment, audio information captured
by microphone 1145 and converted to a digital format by
ADC 1146 is stored in memory 1110. Furthermore, in
various embodiments microphone 1145 is used for commu-
nicating (e.g., via cellular transceiver 1111 of FIG. 11C) over
a cellular telephone network or other communications net-
work.

The output of LMM smoothing logic 1130 can be used for
determining and disciplining the location of the device 1100.
For example, a latitude, longitude and altitude can be
determined based on the output of the LMM smoothing
logic 1130, which can be conveyed via wireless personal
area network transceiver 1140.

The blocks that represent features in FIG. 11A can be
arranged differently than as illustrated, and can implement
additional or fewer features than what are described herein.
Further, the features represented by the blocks in FIG. 11A
can be combined in various ways and can be implemented
using software, hardware, hardware and software, hardware
and firmware, or a combination thereof. Further, unless
specified otherwise, various embodiments that are described
as being a part of the device 1100, whether depicted as a part
of the device 1100 or not, can be implemented using
software, hardware, hardware and software, hardware and
firmware, software and firmware, or a combination thereof.
Various blocks in FIG. 11A refer to features that are logic
components, such as but not limited to locally measured
movement smoothing logic 1130 which can be implemented
using software, hardware, hardware and software, hardware
and firmware, software and firmware, or a combination
thereof.

In accordance with one embodiment, GNSS chipset 1107
comprises a low-cost used by device 1100 which simply
outputs a position fix of device 1100 based upon
unsmoothed pseudoranges. In other words, in the interest of
reducing costs, various features for improving the position
fix are typically not built into a low-cost GNSS chipset such
as 1107 including, but not limited to, pseudorange smooth-
ing, carrier phase smoothing (e.g., based upon real carrier
phase information, reconstructed carrier phase information).
As will be discussed in greater detail below, at least one
implementation of LMM smoothing logic 1130 can be used
to perform smoothing of position fixes output by GNSS
chipset 1107 to improve the performance of determining the
position of device 1100A. Alternatively, GNSS chipset 1107
may incorporate features which facilitate determining a
position fix of device 1100 with greater precision. For
example, GNSS chipset 1107 can comprise a Wide Area
Augmentation System (WAAS) enabled receiver configured
to receive broadcast WAAS corrections which can be used
to improve the precision in determining the position of
device 1100.

FIG. 11B depicts a block diagram of a device 1100 for
applying LMM smoothing logic in accordance with at least
one embodiment. For the purposes of brevity, the compo-
nents described above with reference to FIG. 11A which are
common also to FIG. 11B will not be described in detail
again.



US 9,488,736 B2

23

In FIG. 11B, device 1100 further comprises a location
manager logic 1161, a location displayer logic 1162, and
hardware 1180 that are outside of the GNSS chipset 1107.
The location manager logic 1161 can be a part of the
operating system 1160 and external to the GNSS chipset
1107. According to one embodiment, the location displayer
logic 1162 is a part of the location manager logic 1161. In
accordance with various embodiments, LMM smoothing
logic 1130 can interface between the GNSS chipset 1107 and
the location manager logic 1161, which resides in the
operating system 1160. According to one embodiment,
LMM smoothing logic 1130 communicates the output of
pseudorange information processing to the location manager
logic 1161 in the operating system 1160. The instant location
or the improved location can be communicated to location
manager logic 1161, as discussed herein, that displays the
instant location or the improved location with respect to a
map. The location displayer logic 1162 can display the
location with respect to a digital representation of a map
available, for example, from third parties via download to
the device 1100.

In FIG. 11B, device 1100 further comprises a display
device 1112 and at least one radio frequency transceiver
1141. Examples of devices which can be used as display
1112 include, but are not limited to, liquid crystal displays,
LED-based displays, and the like. It is noted that display
1112 can be configured as a touch screen device (e.g., a
capacitive touch screen display) for receiving inputs from a
user as well as displaying data including data from location
displayer logic 1162. In accordance with various embodi-
ments, radio frequency transceiver(s) 1141 are for receiving
GNSS corrections via public and/or proprietary radio fre-
quency networks. In one embodiment, radio frequency
transceiver 1141 is an Ultra-high Frequency (UHF) wide
band radio transceiver operating in the 410-470 MHz radio
frequency spectrum.

FIG. 11C depicts a block diagram of a device 1100 for
applying LMM smoothing logic in accordance with at least
one embodiment. For the purposes of brevity, the compo-
nents described above with reference to FIGS. 11A and 11B
which are common also to FIG. 11C will not be described in
detail again. In FIG. 11C, device 1100 further comprises a
cellular transceiver 1111. Examples of cellular networks
used by cellular transceiver 1111 include, but are not limited
to GSM cellular networks, GPRS cellular networks, GDMA
cellular networks, and EDGE cellular networks. In accor-
dance with at least one embodiment, cellular transceiver
1111 is configured to operate on a satellite-based cellular
network such as the Inmarsat or Iridium communication
networks. In at least one embodiment, device 1100 is
configured to receive GNSS corrections via a cellular net-
work which are received by cellular transceiver 1111. Simi-
larly, using cellular transceiver 1111, device 1100 can send
position data including position fixes to other devices either
located proximate to device 1100 or at a distant location.

FIG. 11D depicts a block diagram of a device 1100 for
applying LMM smoothing logic in accordance with at least
one embodiment. For the purposes of brevity, the compo-
nents described above with reference to FIGS. 11A-11C
which are common also to FIG. 11D will not be described
in detail again. In FIG. 11D, device 1100 further comprises
an optional Wi-Fi transceiver 1114. Wi-Fi transceiver 1114
may be configured to operate on/in compliance with any
suitable wireless communication protocol including, but not
limited to: Wi-Fi, WiMAX, implementations of the IEEE
802.11 specification, implementations of the IEEE 802.15.4
specification for personal area networks, and a short range
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wireless connection operating in the Instrument Scientific
and Medical (ISM) band of the radio frequency spectrum in
the 2400-2484 MHz range (e.g., implementations of the
Bluetooth® standard). In accordance with various embodi-
ments, device 1100 can receive corrections information for
device 1100 from proprietary or public networks.

FIG. 11E depicts a block diagram of a device 1100 for
applying LMM smoothing logic in accordance with at least
one embodiment. For the purposes of brevity, the compo-
nents described above with reference to FIGS. 11A-11D
which are common also to FIG. 11E will not be described in
detail again. In FIG. 11E, device 1100 further comprises an
optional satellite receiver 1106. In accordance with various
embodiments, satellite receiver 1106 is configured for
receiving GNSS corrections data sent via various satellite-
based augmentation systems (SBAS) including, but not
limited to the WAAS used in North America and the
European Geostationary Navigation Overlay Service (EG-
NOS). For example, a satellite radio distributor (e.g., 1227
of FIG. 12D) can broadcast corrections as a broadcast from
one or more communications satellites (e.g., 1201 of FIG.
12D). In one embodiment, device 1100 includes one or more
integral satellite radio antennas associated with integrated
satellite radio receivers 1106. Satellite radio receiver 1106 is
one example of such a satellite receiver which would
employ an integrated antenna designed to operate in the
correct frequency band for receiving a corrections or other
information broadcast from communication satellites 1201.
In this manner, in some embodiments, device 1100 can
receive the corrections via satellite radio receiver 1106.

It is noted that the embodiments described above with
reference to FIGS. 11A-11E can be implemented in a variety
of form factors in accordance with various embodiments.
FIGS. 19A-19F show some implementations of device 1100
in accordance with various embodiments.

In FIG. 19A, device 1100 comprises a ring 1901. In
accordance with at least one embodiment, the components
described above with reference to FIG. 11 A may be disposed
within a small form factor such as ring 1901. Thus, ring
1901 may comprise various components shown in FIG. 11A
including, but not limited to, GNSS chipset 1107 (not
shown), LMM smoothing logic 1130 (not shown), processor
1109 (not shown), image capture device 1116, at least one
accelerometer 1115 (not shown), and microphone 1145.
Furthermore, ring 1901 may include other components such
as a radio-frequency identification device (RFID) (not
shown), or other component for uniquely identifying ring
1901.

In FIG. 19B, device 1100 comprises a wearable watch
1910. Again, in various embodiments watch 1910 comprises
the components described above with reference to FIG. 19A
as well as a display 1112 for displaying the time. It is noted
that in various embodiments, display 1112 comprises a touch
screen device capable of displaying icons, menus, and other
data which permits a user to control functions performed by
watch 1910. In FIG. 11C, device 1100 comprises a badge
1920 which is wearable by a user.

In FIG. 19C, badge 1920 comprises the components
described above with reference to FIG. 19A as well as an
area 1921 for a picture of the user of badge 1920. In
accordance with various embodiments, badge 1920 may be
attached to a user’s clothing using a pin, clip, Velcro, or
other fastening device. Also, in accordance with various
embodiments, badge 1920 can be mounted on devices or
vehicles (e.g., a bicycle) using various fastening devices. In
FIG. 19D, device 1100 comprises a bracelet 1930 in accor-



US 9,488,736 B2

25

dance with various embodiments. In FIG. 19D, bracelet
1930 comprises the components described above with ref-
erence to FIG. 19A.

In FIG. 19E, device 1100 comprises or is disposed as a
portion of an unmanned aerial vehicle (which may also be
known as a remotely piloted vehicle or as a drone), such as
fixed wing unmanned aerial vehicle 1940. A perspective
view is illustrated. In accordance with at least one embodi-
ment, the components described above with reference to
FIG. 11A may be disposed within a form factor of or as a
sub-portion of unmanned aerial vehicle 1940. For example,
one or more portions of device 1100 may be mounted
internally and/or externally to fuselage 1942, wings 1941, or
some other portion of unmanned aerial vehicle 1940. Thus,
unmanned aerial vehicle 1940 may comprise various com-
ponents shown in FIG. 11A including, but not limited to,
GNSS chipset 1107 (not shown), LMM smoothing logic
1130 (not shown), processor 1109 (not shown), image cap-
ture device 1116, at least one accelerometer 1115 (not
shown), and microphone 1145. Furthermore, unmanned
aerial vehicle 1940 may include other components such as a
radio-frequency identification device (RFID) (not shown),
or other component for uniquely identifying unmanned
aerial vehicle 1940.

In FIG. 19F, device 1100 comprises or is disposed as a
portion of an unmanned aerial vehicle (which may also be
known as a remotely piloted vehicle or as a drone), such as
rotorcraft unmanned aerial vehicle 1950 which relies on one
or more rotors 1951 for lift and hovering. A bottom plan
view is illustrated. Although a quad-rotor embodiment is
depicted, such rotorcraft may employ a single rotor or a
plurality of rotors that is lesser or greater than the four
illustrated rotors. In accordance with at least one embodi-
ment, the components described above with reference to
FIG. 11A may be disposed within a form factor of or as a
sub-portion of unmanned aerial vehicle 1950. For example,
one or more portions of device 1100 may be mounted
internally and/or externally to fuselage 1952 or some other
portion of unmanned aerial vehicle 1950. Thus, unmanned
aerial vehicle 1950 may comprise various components
shown in FIG. 11A including, but not limited to, GNSS
chipset 1107 (not shown), LMM smoothing logic 1130 (not
shown), processor 1109 (not shown), image capture device
1116, at least one accelerometer 1115 (not shown), and
microphone 1145. Furthermore, unmanned aerial vehicle
1950 may include other components such as a radio-fre-
quency identification device (RFID) (not shown), or other
component for uniquely identifying unmanned aerial vehicle
1950.

It is noted that the devices 1100 shown in FIGS. 19A-19F
can leverage micro-miniaturization fabrication techniques to
integrate the components described above into increasingly
smaller form factors that was previously possible. Further-
more, the implementations of device 1100 shown in at least
FIGS. 19A-19F are, in some embodiments, examples of
“spime” devices, which are machines which are aware of
their environment.

FIG. 12A depicts a block diagram of an example cellular
device 1200 in accordance with at least one embodiment.
Examples of a cellular device 1200 as shown in FIG. 12A
comprise a non-voice enabled cellular device such as a
position recording/reporting device, a theft prevention
device, or other type of security device.

The cellular device 1200 includes a bus 1218, a GNSS
chipset 1107, a processor 1109, memory 1110, at least one
accelerometer 1115, an image capture device 1116, locally
measured movement smoothing logic 1130 (e.g., LMM
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smoothing logic 1130), an optional microphone 1145, ADC
1146, and operating system 1160. Components 1107, 1109,
1110, 1115, 1116, and 1146 are all connected with the bus
1218.

In FIG. 12A, global navigation satellites 1202 which
provide radio navigation signals (e.g., the GPS, GNSS,
GLONASS, GALILEO, BeiDou, Compass, etc.). A cellular
device 1200 can be configured with, a GNSS chipset 1107
coupled with bus 1218 for receiving radio navigation signals
from global navigation satellites 1202 and for deriving a
position of cellular device 1200 based thereon. According to
one embodiment, the GNSS chipset 1107 is configured to
receive signals from GPS satellites, GLONASS satellites,
Galileo satellites, or from a combination of satellites from
different constellations. The GNSS chipset 1107 can perform
GPS measurements to derive raw measurement data for a
position of the cellular device 1200. The raw measurement
data can provide an instant location (e.g., position fix 1384
of FIG. 13) of the cellular device 1200 which is output from
GNSS chipset 1107.

Other components of cellular device 1200 comprise a
processor 1109 coupled with bus 1218 for processing infor-
mation and instructions, a memory 210 coupled with bus
1218 for storing information and instructions for processor
1109. It is noted that memory 1110 can comprise volatile
memory and/or a non-transitory computer readable medium,
as well as removable data storage media in accordance with
various embodiments. Examples of an accelerometer 1115
are an ADXI.330/335 chipset accelerometer made by Ana-
log Devices Inc. and a LIS3LV02DQ made by STMicro-
electronics. Examples of cellular networks used by cellular
transceiver 1111 include, but are not limited to GSM cellular
networks, GPRS cellular networks, GDMA cellular net-
works, and EDGE cellular networks. In accordance with at
least one embodiment, cellular transceiver 1111 is config-
ured to operate on a satellite-based cellular network such as
the Inmarsat or Iridium communication networks. In at least
one embodiment, device 1100 is configured to receive
GNSS corrections via a cellular network which are received
by cellular transceiver 1111. Similarly, using cellular trans-
ceiver 1111, cellular device 1200 can send position data
including position fixes to other devices either located
proximate to cellular device 1200 or at a distant location.

Examples of image capture device 1116 are a camera, a
video camera, a digital camera, a digital video camera, a
digital camcorder, a stereo digital camera, a stereo video
camera, a motion picture camera, and a television camera.
The image capture device 1116 may use a lens or be a
pinhole type device. It is noted that image capture device
1116 is analogous to image-capturing device 14 of FIG. 1.

The blocks that represent features in FIG. 12A can be
arranged differently than as illustrated, and can implement
additional or fewer features than what are described herein.
For example, in accordance with various embodiments,
cellular device 1200 may comprise at least one accelerom-
eter 1115, an image capture device 1116, or both. Further, the
features represented by the blocks in FIG. 12A can be
combined in various ways. A cellular device 1200 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, or a combination thereof.
Further, unless specified otherwise, various embodiments
that are described as being a part of the cellular device 1200,
whether depicted as a part of the cellular device 1200 or not,
can be implemented using software, hardware, hardware and
software, hardware and firmware, software and firmware, or
a combination thereof. Various blocks in FIG. 12A refer to
features that are logic components, such as but not limited
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to locally measured movement smoothing logic 1130, which
can be implemented using software, hardware, hardware and
software, hardware and firmware, software and firmware, or
a combination thereof.

The cellular device 1200, according to one embodiment,
includes hardware, such as the processor 1109, memory
1110, and the GNSS chipset 1107. An example of hardware
memory 1110 is a physically tangible non-transitory com-
puter readable storage medium, such as, but not limited to a
disk, a compact disk (CD), a digital versatile device (DVD),
random access memory (RAM) or read only memory
(ROM) for storing instructions. An example of a hardware
processor 1109 for executing instructions is a central pro-
cessing unit. Examples of instructions which are computer
readable instructions for implementing various embodi-
ments include LMM smoothing logic 1130 which can be
stored on a hardware memory 1110 and that can be executed,
for example, by the hardware processor 1109, and algorithm
21 described above for implementing rolling sequential
bundle adjustments. According to at least one embodiment,
the LMM smoothing logic 1130 and algorithm 21 are
located in a portion of the cellular device 1200 that is outside
of the GNSS chipset 1107.

In accordance with one embodiment, GNSS chipset 1107
comprises a low-cost used by cellular device 1200 which
simply outputs a position fix of cellular device 1200 based
upon unsmoothed pseudoranges. In other words, in the
interest of reducing costs, various features for improving the
position fix are typically not built into a low-cost GNSS
chipset such as 1107 including, but not limited to, pseudor-
ange smoothing, carrier phase smoothing (e.g., based upon
real carrier phase information, reconstructed carrier phase
information). As will be discussed in greater detail below, at
least one implementation of LMM smoothing logic 1130 can
be used to perform smoothing of position fixes output by
GNSS chipset 1107 to improve the performance of deter-
mining the position of cellular device 1200. Alternatively,
GNSS chipset 1107 may incorporate features which facili-
tate determining a position fix of cellular device 1200 with
greater precision. For example, GNSS chipset 1107 can
comprise a Wide Area Augmentation System (WAAS)
enabled receiver configured to receive broadcast WAAS
corrections which can be used to improve the precision in
determining the position of cellular device 1200.

FIG. 12B depicts a block diagram of another example
cellular device 1200 in accordance with at least one embodi-
ment. Examples of a cellular device 1200 include a position
recording/reporting device, a theft prevention device, or
other type of security device, and a handheld navigation
device. The cellular device 1200 shown in FIG. 12B may be
mobile or stationary.

The cellular device 1200 includes a bus 1218, a GNSS
chipset 1107, a processor 1109, memory 1110, a display
1112, audio 1213, at least one accelerometer 1115, an image
capture device 1116, locally measured movement smoothing
logic 1130 (e.g., LMM smoothing logic 1130), an optional
microphone 1145, ADC 1146, and operating system 1160.
Components 1107, 1109, 1110, 1112, 1213, 1115, 1116, and
1146 are all connected with the bus 1218. For the purpose of
brevity, the components listed above which have been
described previously will not again be described in the
discussion of FIG. 12B.

In the embodiment of FIG. 12B, cellular device 1200
further comprises a display 1112 and an audio component
1213. Audio component 1213 is for generating audio signals
such as tones, sounds, and/vocal commands and alerts.
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The blocks that represent features in FIG. 12B can be
arranged differently than as illustrated, and can implement
additional or fewer features than what are described herein.
For example, in accordance with various embodiments,
cellular device 1200 may comprise at least one accelerom-
eter 1115, an image capture device 1116, or both. Further, the
features represented by the blocks in FIG. 12B can be
combined in various ways. A cellular device 1200 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, or a combination thereof.
Further, unless specified otherwise, various embodiments
that are described as being a part of the cellular device 1200,
whether depicted as a part of the cellular device 1200 or not,
can be implemented using software, hardware, hardware and
software, hardware and firmware, software and firmware, or
a combination thereof. Various blocks in FIG. 12B refer to
features that are logic components, such as but not limited
to locally measured movement smoothing logic 1130 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, software and firmware, or a
combination thereof.

In accordance with one embodiment, GNSS chipset 1107
comprises a low-cost GNSS chipset used by cellular device
1200 which simply outputs a position fix of cellular device
1200 based upon unsmoothed pseudoranges. In other words,
in the interest of reducing costs, various features for improv-
ing the position fix are typically not built into a low-cost
GNSS chipset such as 1107 including, but not limited to,
pseudorange smoothing, carrier phase smoothing (e.g.,
based upon real carrier phase information, reconstructed
carrier phase information). As will be discussed in greater
detail below, at least one implementation of LMM smooth-
ing logic 1130 can be used to perform smoothing of position
fixes output by GNSS chipset 1107 to improve the perfor-
mance of determining the position of cellular device 1200.
Alternatively, GNSS chipset 1107 may incorporate features
which facilitate determining a position fix of device 1200
with greater precision. For example, GNSS chipset 1107 can
comprise a Wide Area Augmentation System (WAAS)
enabled receiver configured to receive broadcast WAAS
corrections which can be used to improve the precision in
determining the position of device 1200.

FIG. 12C depicts a block diagram of a set of correction
delivery options for providing positioning information to a
cellular device 1200 for extracting pseudorange information,
according to one embodiment. The cellular device 1200
shown in FIG. 12C may be mobile or stationary. Examples
of a cellular device 1200 include a cell phone and a mobile
hand-held GNSS receiver.

The cellular device 1200 includes a bus 1218, a GNSS
chipset 1107, a processor 1109, memory 1110, a cellular
transceiver 1111, a display 1112, audio 1213, an optional
Wi-Fi transceiver 1114, at least one accelerometer 1115, an
image capture device 1116, locally measured movement
smoothing logic 1130 (e.g., LMM smoothing logic 1130), an
optional microphone 1145, ADC 1146, and operating system
1160. Components 1107, 1109, 1110, 1111, 1112, 1213, 1114,
1115, 1116, and 1146 are all connected with the bus 1218.

Wi-Fi transceiver 1114 may be configured to operate on/in
compliance with any suitable wireless communication pro-
tocol including, but not limited to: Wi-Fi, WiMAX, imple-
mentations of the IEEE 802.11 specification, implementa-
tions of the IEEE 802.15.4 specification for personal area
networks, and a short range wireless connection operating in
the Instrument Scientific and Medical (ISM) band of the
radio frequency spectrum in the 2400-2484 MHz range (e.g.,
implementations of the Bluetooth® standard).
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Improvements in GNSS/GPS positioning may be
obtained by using reference stations with a fixed receiver
system to calculate corrections to the measured pseudor-
anges in a given geographical region. Since the reference
station is located in a fixed environment and its location can
be determined very precisely via ordinary survey methods,
a processor associated with the Reference Station GNSS/
GPS receivers can determine more precisely what the true
pseudoranges should be to each satellite in view, based on
geometrical considerations. Knowing the orbital positions
via the GPS almanac as a function of time enables this
process, first proposed in 1983, and widely adopted ever
since. The difference between the observed pseudorange and
the calculated pseudorange for a given Reference station is
called the pseudorange correction. A set of corrections for all
the global navigation satellites 1202 in view is created
second by second, and stored, and made available as a
service, utilizing GPS/GNSS reference stations 1220 and
correction services 1221. The pseudoranges at both the
cellular device 1200, GNSS chipset 1107, and those at the
reference stations 1220 are time-tagged, so the corrections
for each and every pseudorange measurement can be
matched to the local cell phone pseudoranges. The overall
service is often referred to as Differential GPS, or DGPS.
Without any corrections, GNSS/GPS receivers produce
position fixes with absolute errors in position on the order of
4.5 t0 5.5 m per the GPS SPS Performance Standard, 4” Ed.
2008. In FIG. 12C, one or more correction services 1221
convey these corrections via a cellular network 1222, or the
Internet 1223. Internet 1223 is in turn coupled with a local
Wi-Fi network 1224 which can convey the corrections to
cellular device 1200 via Wi-Fi transceiver 1114. Alterna-
tively, cellular network 1222 can convey the corrections to
cellular device 1200 via cellular transceiver 1111.

Examples of a correction source that provides pseudor-
ange corrections are at least correction service 1221.
According to one embodiment, a correction source is located
outside of the cellular device 1200.

The blocks that represent features in FIG. 12C can be
arranged differently than as illustrated, and can implement
additional or fewer features than what are described herein.
For example, in accordance with various embodiments,
cellular device 1200 may comprise at least one accelerom-
eter 1115, an image capture device 1116, or both. Further, the
features represented by the blocks in FIG. 12C can be
combined in various ways. A cellular device 1200 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, or a combination thereof.
Further, unless specified otherwise, various embodiments
that are described as being a part of the cellular device 1200,
whether depicted as a part of the cellular device 1200 or not,
can be implemented using software, hardware, hardware and
software, hardware and firmware, software and firmware, or
a combination thereof. Various blocks in FIG. 12C refer to
features that are logic components, such as but not limited
to locally measured movement smoothing logic 1130 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, software and firmware, or a
combination thereof.

The cellular device 1200, according to one embodiment,
includes hardware, such as the processor 1109, memory
1110, and the GNSS chipset 1107. An example of hardware
memory 1110 is a physically tangible computer readable
storage medium, such as, but not limited to a disk, a compact
disk (CD), a digital versatile device (DVD), random access
memory (RAM) or read only memory (ROM) for storing
instructions. An example of a hardware processor 1109 for
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executing instructions is a central processing unit. Examples
of instructions which are computer readable instructions for
implementing various embodiments include LMM smooth-
ing logic 1130 that can be stored on a hardware memory
1110 and that can be executed, for example, by the hardware
processor 1109, and algorithm 21 described above for imple-
menting rolling sequential bundle adjustments. According to
at least one embodiment, the LMM smoothing logic 1130
and algorithm 21 are located in a portion of the cellular
device 1200 that is outside of the GNSS chipset 1107.

In accordance with one embodiment, GNSS chipset 1107
comprises a low-cost GNSS chipset used by device 1200
which simply outputs a position fix of cellular device 1200
based upon unsmoothed pseudoranges. In other words, in
the interest of reducing costs, various features for improving
the position fix are typically not necessarily built into GNSS
chipset 1107 including, but not limited to, pseudorange
smoothing, carrier phase smoothing (e.g., based upon real
carrier phase information, reconstructed carrier phase infor-
mation). Furthermore, in some implementations, various
corrections sources, or the capability to receive them, are not
used by a cellular device 1200. As will be discussed in
greater detail below, at least one implementation of LMM
smoothing logic 1130 can be used to perform smoothing of
position fixes output by GNSS chipset 1107 to improve the
performance of determining the position of cellular device
1200. Alternatively, GNSS chipset 1107 may incorporate
features which facilitate determining a position fix of device
1200 with greater precision. For example, GNSS chipset
1107 can comprise a Wide Area Augmentation System
(WAAS) enabled receiver configured to receive broadcast
WAAS corrections which can be used to improve the
precision in determining the position of device 1200.

FIG. 12D depicts a block diagram of a set of correction
delivery options for providing positioning information to a
cellular device for extracting pseudorange information,
according to one embodiment. Examples of a cellular device
1200 include a cell phone, a non-voice enabled cellular
device, and a mobile hand-held GNSS receiver. The cellular
device may be mobile or stationary.

The cellular device 1200 includes a bus 1218, an optional
satellite receiver 1106, a GNSS chipset 1107, an optional
FM radio receiver 1108, a processor 1109, memory 1110, a
cellular transceiver 1111, a display 1112, audio 1213, an
optional Wi-Fi transceiver 1114, at least one accelerometer
1115, an image capture device 1116, locally measured move-
ment smoothing logic 1130 (e.g., LMM smoothing logic
1130), microphone 1145, ADC 1146, and operating system
1160. Components 1106, 1107, 1108, 1109, 1110, 1111, 1112,
1213, 1114, 1115, 1116, and 1146 are all connected with the
bus 1218. For the purpose of brevity, the components shown
in FIG. 12D which have previously been discussed will not
again be described in detail with reference to FIG. 12D.

In FIG. 12D, a plurality of broadcast sources is used to
convey data and media to a cellular device 1200. As an
example, cellular device 1200 can receive broadcast signals
from communication satellites 1201 (e.g., two-way radio,
satellite-based cellular such as the Inmarsat or Iridium
communication networks, etc.), global navigation satellites
1202 which provide radio navigation signals (e.g., the GPS,
GNSS, GLONASS, GALILEO, BeiDou, Compass, etc.),
and terrestrial radio broadcast 1203 (e.g., FM radio, AM
radio, shortwave radio, etc.)

A cellular device 1200 can be configured with an optional
satellite radio receiver 1106 coupled with a communication
bus 1218 for receiving signals from communication satel-
lites 1201, a GNSS chipset 1107 coupled with bus 1218 for
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receiving radio navigation signals from global navigation
satellites 1202 and for deriving a position of cellular device
1200 based thereon. According to one embodiment, the
GNSS chipset 1107 is configured to receive signals from
GPS satellites, GLONASS satellites, or from a combination
of satellites from different constellations. The GNSS chipset
1107 can perform GPS measurements to derive raw mea-
surement data for a position of the cellular device 1200. The
raw measurement data can provide an instant location of the
cellular device 1200.

Cellular device 1200 further comprises an optional FM
radio receiver 1108 coupled with bus 1218 for receiving
broadcast signals from terrestrial radio broadcast 1203.
Other components of cellular device 1200 comprise a pro-
cessor 1109 coupled with bus 1218 for processing informa-
tion and instructions, a memory 1110 coupled with bus 1218
for storing information and instructions for processor 1109.
Cellular device 1200 further comprises a cellular transceiver
1111 coupled with bus 1218 for communicating via cellular
network 1222. Cellular device 1200 further comprises a
display 1112 coupled with bus 1218. Cellular device 1200
further comprises an audio output 1213 coupled with bus
1218 for conveying audio information to a user, or for
receiving voice commands or messages from a user. Cellular
device 1200 further comprises a Wi-Fi transceiver 1114 and
at least one accelerometer 1115 coupled with bus 1218.

As discussed above, improvements in GNSS/GPS posi-
tioning may be obtained by using reference stations with a
fixed receiver system to calculate corrections to the mea-
sured pseudoranges in a given geographical region. In
addition to use of conveying GNSS corrections data via
cellular network 1222, or via the Internet 1223, in various
embodiments correction services 1221 are also coupled with
a distribution service 1225 which conveys the corrections to
an FM radio distributor 1226. FM radio distributor 1226 can
broadcast corrections as a terrestrial radio broadcast 103. It
should be appreciated that an FM signal is being described
as a subset of possible terrestrial radio broadcasts which may
be in a variety of bands and modulated in a variety of
manners. In some embodiments, cellular device 1200
includes one or more integral terrestrial radio antennas
associated with integrated terrestrial receivers; FM radio
receiver 1108 is one example of such a terrestrial receiver
which would employ an integrated antenna designed to
operate in the correct frequency band for receiving a terres-
trial radio broadcast 103. In this manner, in some embodi-
ments, cellular device 1200 can receive the corrections via
FM radio receiver 1108 (or other applicable type of inte-
grated terrestrial radio receiver). In some embodiments,
correction services 1221 are also coupled with a distribution
service 1225 which conveys the corrections to a satellite
radio distributor 1227. Satellite radio distributor 1227 can
broadcast corrections as a broadcast from one or more
communications satellites 1201. In some embodiments, cel-
Iular device 1200 includes one or more integral satellite
radio antennas associated with integrated satellite radio
receivers 1106. Satellite radio receiver 1106 is one example
of such a satellite receiver which would employ an inte-
grated antenna designed to operate in the correct frequency
band for receiving a corrections or other information broad-
cast from communication satellites 1201. In this manner, in
some embodiments, cellular device 1200 can receive the
corrections via satellite radio receiver 1106.

Examples of a correction source that provides pseudor-
ange corrections are at least correction service 1221, FM
radio distribution 1226, or satellite radio distributor 1227, or
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a combination thereof. According to one embodiment, a
correction source is located outside of the cellular device
1200.

The blocks that represent features in FIG. 12D can be
arranged differently than as illustrated, and can implement
additional or fewer features than what are described herein.
For example, in accordance with various embodiments,
cellular device 1200 may comprise at least one accelerom-
eter 1115, an image capture device 1116, or both. Further, the
features represented by the blocks in FIG. 12D can be
combined in various ways. A cellular device 1200 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, or a combination thereof.
Further, unless specified otherwise, various embodiments
that are described as being a part of the cellular device 1200,
whether depicted as a part of the cellular device 1200 or not,
can be implemented using software, hardware, hardware and
software, hardware and firmware, software and firmware, or
a combination thereof. Various blocks in FIG. 12D refer to
features that are logic components, such as but not limited
to locally measured movement smoothing logic 1130 can be
implemented using software, hardware, hardware and soft-
ware, hardware and firmware, software and firmware, or a
combination thereof.

The cellular device 1200, according to one embodiment,
includes hardware, such as the processor 1109, memory
1110, and the GNSS chipset 1170. An example of hardware
memory 1110 is a physically tangible computer readable
storage medium, such as, but not limited to a disk, a compact
disk (CD), a digital versatile device (DVD), random access
memory (RAM) or read only memory (ROM) for storing
instructions. An example of a hardware processor 1109 for
executing instructions is a central processing unit. Examples
of instructions are computer readable instructions for imple-
menting various embodiments include LMM smoothing
logic 1130 that can be stored on a hardware memory 1110
and that can be executed, for example, by the hardware
processor 1109, and algorithm 21 described above for imple-
menting rolling sequential bundle adjustments. According to
at least one embodiment, the LMM smoothing logic 1130
and algorithm 21 are located in a portion of the cellular
device 1200 that is outside of the GNSS chipset 1107.

In accordance with one embodiment, GNSS chipset 1107
comprises a low-cost GNSS chipset used by device 1200
which simply outputs a position fix of device 1200 based
upon unsmoothed pseudoranges. In other words, in the
interest of reducing costs, various features for improving the
position fix are not necessarily built into GNSS chipset 1107
including, but not limited to, pseudorange smoothing, carrier
phase smoothing (e.g., based upon real carrier phase infor-
mation, reconstructed carrier phase information). Further-
more, in some implementations, various corrections sources,
or the capability to receive them, are not used by a cellular
device 1200. As will be discussed in greater detail below, at
least one implementation of LMM smoothing logic 1130 can
be used to perform smoothing of position fixes output by
GNSS chipset 1107 to improve the performance of deter-
mining the position of cellular device 1200. Alternatively,
GNSS chipset 1107 may incorporate features which facili-
tate determining a position fix of device 1200 with greater
precision. For example, GNSS chipset 1107 can comprise a
Wide Area Augmentation System (WAAS) enabled receiver
configured to receive broadcast WAAS corrections which
can be used to improve the precision in determining the
position of device 1200. It is noted that the embodiments
discussed in FIGS. 11A-E and 12A-D are not intended to be
exhaustive listings of components in accordance with vari-
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ous embodiments. Thus, various embodiments can utilize
other positioning and/or communication technologies
including, but not limited to Radio-frequency Identification
transponders or tags for identifying and/or tracking device
1100 and cellular device 1200.

Example GNSS Receiver

With reference now to FIG. 13, a block diagram is shown
of' an embodiment of an example GNSS chipset 1107 which
may be used in accordance with various embodiments
described herein. In particular, FIG. 13 illustrates a block
diagram of a GNSS receiver in the form of a general purpose
GPS capable of demodulation of the [.1 and/or [.2 signal(s)
received from one or more GPS satellites. A more detailed
discussion of the function of a receiver such as GPS receiver
1107 can be found in U.S. Pat. No. 5,621,416, by Gary R.
Lennen, is titled “Optimized processing of signals for
enhanced cross-correlation in a satellite positioning system
receiver,” and includes a GPS receiver very similar to GNSS
chipset 1107 of FIG. 13.

In FIG. 13, received L1 and 1.2 signals are generated by
at least one GPS satellite. Each GPS satellite generates
different signal [.1 and .2 signals and they are processed by
different digital channel processors 1352 which operate in
the same way as one another. FIG. 13 shows GPS signals
(L1=1575.42 MHz, 1.2=1227.60 MHz) entering GPS chip-
set 1107 through a dual frequency antenna 1332. Antenna
1332 may be a magnetically mountable model commercially
available from Trimble Navigation of Sunnyvale, Calif.
Master oscillator 1348 provides the reference oscillator
which drives all other clocks in the system. Frequency
synthesizer 1338 takes the output of master oscillator 1348
and generates important clock and local oscillator frequen-
cies used throughout the system. For example, in one
embodiment frequency synthesizer 1338 generates several
timing signals such as a 1st (local oscillator) signal LO1 at
1400 MHz, a 2nd local oscillator signal LO2 at 175 MHz, an
SCLK (sampling clock) signal at 25 MHz, and a MSEC
(millisecond) signal used by the system as a measurement of
local reference time.

A filter/LNA (Low Noise Amplifier) 1334 performs fil-
tering and low noise amplification of both [.1 and .2 signals.
The noise figure of GPS chipset 1107 is dictated by the
performance of the filter/LNA combination. The downcon-
vertor 1336 mixes both L1 and [.2 signals in frequency down
to approximately 175 MHz and outputs the analog [.1 and
L2 signals into an IF (intermediate frequency) processor
1350. IF processor 1350 takes the analog [.1 and [.2 signals
at approximately 175 MHz and converts them into digitally
sampled L1 and [.2 inphase (I.1 I and [.2 I) and quadrature
signals (L1 Q and L2 Q) at carrier frequencies 420 KHz for
L1 and at 2.6 MHz for 1.2 signals respectively.

At least one digital channel processor 1352 inputs the
digitally sampled .1 and L2 inphase and quadrature signals.
All digital channel processors 1352 are typically are iden-
tical by design and typically operate on identical input
samples. Each digital channel processor 1352 is designed to
digitally track the L1 and L2 signals produced by one
satellite by tracking code and carrier signals and to from
code and carrier phase measurements in conjunction with
the GNSS microprocessor system 1354. One digital channel
processor 1352 is capable of tracking one satellite in both L1
and [.2 channels. Microprocessor system 1354 is a general
purpose computing device which facilitates tracking and
measurements processes, providing pseudorange and carrier
phase measurements for a determining position fix logic
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1358. In one embodiment, microprocessor system 1354
provides signals to control the operation of one or more
digital channel processors 1352. According to one embodi-
ment, the GNSS microprocessor system 1354 provides one
or more of pseudorange information 1372, Doppler Shift
information 1374, and real Carrier Phase Information 1376
to the determining position fix logic 1358. One or more of
pseudorange information 1372, Doppler Shift information
1374, and real Carrier Phase Information 1376 can also be
obtained from storage 1360. One or more of the signals
1372, 1374, and 1376 can be conveyed to an external
device’s processor, such as processor 1109 that is external to
the GNSS chipset 1107 (FIG. 11D). In accordance with
various embodiments, processor 1354 is configured to out-
put a position fix 1384 to a device outside of GNSS chipset
1107 such as to processor 1109. Additionally, processor
1354 can output a position, velocity, time (PVT) solution to
a device outside of GNSS chipset 1107 such as to processor
1109. Determining position fix logic 1358 performs the
higher level function of combining measurements in such a
way as to produce position, velocity and time information
for the differential and surveying functions, for example, in
the form of a position fix 1380. Storage 1360 is coupled with
determining position fix logic 1358 and microprocessor
system 1354. It is appreciated that storage 1360 may com-
prise a volatile or non-volatile storage such as a RAM or
ROM, or some other computer readable memory device or
media. In some embodiments, determining position fix logic
1358 performs one or more of the methods of position
correction described herein.

In some embodiments, microprocessor 1354 and/or deter-
mining position fix logic 1358 receive additional inputs for
use in receiving corrections information (e.g., 1382).
According to one embodiment, an example of the correc-
tions information is WAAS corrections. According to one
embodiment, examples of corrections information are dif-
ferential GPS corrections, RTK corrections, signals used by
the Enge-Talbot method, and wide area augmentation sys-
tem (WAAS) corrections among others.

Although FIG. 13 depicts a GNSS chipset 1107 with
navigation signals L1I, [.1Q, L2I, [.2Q, various embodi-
ments are well suited different combinations of navigational
signals. For example, according to one embodiment, the
GNSS chipset 1107 may only have an [1I navigational
signal. According to one embodiment, the GNSS chipset
1107 may only have L1I, L1Q and L2I. In other embodi-
ments, GNSS chipset 1107 may use other combinations of
navigation signals such as, but not limited to: and L1 signal,
and [.1 and L2C signal, and an [.11 and L1Q signal.

Various embodiments are also well suited for future
navigational signals. For example, various embodiments are
well suited for the navigational signal L2C that is not
currently generally available. However, there are plans to
make it available for non-military receivers.

According to at least one embodiment, LMM smoothing
logic 1130 resides at either or both of the storage 1360 and
GNSS microprocessor system 1354. In at least one embodi-
ment, GNSS processing is accomplished using software
components implemented by a processor in combination
with hardware components. For example, in one embodi-
ment, GNSS chipset 1107 comprises dual frequency antenna
1332, filter/LNA (Low Noise Amplifier) 1334, and down-
converter 1336 as described above. Downconverter 1336
outputs the 175 MHz intermediate frequency [.1 and [.2
signals and further processing of the IF [.1 and 1.2 signals is
performed by a processor which subsequently performs the
processing steps described above. This includes, but is not
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limited to, further mixing of the [.1 and L2 signals, digital
sampling of inphase and quadrature signals at respective
carrier frequencies, correlation, tracking loops, measure-
ment processing, navigation processing, corrections pro-
cessing, etc. In accordance with various embodiments, this
processing is performed by a processor of GNSS chipset
such as GNSS microprocessor system 1354. In one or more
embodiments, this can be performed by an external proces-
sor such as processor 1109 which is separate from GNSS
chipset 1107.

A filter/LNA (Low Noise Amplifier) 1334 performs fil-
tering and low noise amplification of both [.1 and .2 signals.
The noise figure of GPS chipset 1107 is dictated by the
performance of the filter/LNA combination. The downcon-
vertor 1336 mixes both L1 and [.2 signals in frequency down
to approximately 175 MHz and outputs the analog [.1 and
L2 signals into an IF (intermediate frequency) processor
1350.

FIG. 14 is a block diagram of a locally measured move-
ment (LMM) smoothing logic component (e.g.,) 1130 in
accordance with at least one embodiment. In accordance
with various embodiments, LMM smoothing logic 1130 can
be resident within and executed by GNSS chipset 1107, or
external to GNSS chipset 1107 such as in memory 1110 and
executed by processor 1109. In the embodiment of FIG. 14,
LMM smoothing logic 1130 comprises position fix access-
ing logic 1401, LMM accessing logic 1402 comprising
accelerometer accessing logic 1403 and image capture
device accessing logic 1404. LMM smoothing logic 1130
further comprises dual-sensor processing logic 1405 com-
prising dual-sensor averaging logic 1406 and dual-sensor
confidence estimating logic 1406. Finally, LMM smoothing
logic 1130 comprises position fix smoothing logic 1410
comprising a Kalman filter 1411. In accordance with various
embodiments, LMM smoothing logic 1130 can be imple-
mented using software, hardware, hardware and software,
hardware and firmware, or a combination thereof. Further-
more, it is noted that in accordance with various embodi-
ments, some of the components shown in FIG. 14 may not
be used in implementations of LMM smoothing logic 1130.

In accordance with various embodiments, position fix
accessing logic 1401 is configured to retrieve GNSS position
fixes 1384 generated by a GNSS receiver system such as
GNSS chipset 1107 of FIGS. 11A-E and 12A-D, or GNSS
receiver 1107 shown in FIG. 13. In FIG. 14, position fix
accessing logic 1401 outputs position fixes 1384 as an input
to position fix smoothing logic 1410. In accordance with
various embodiments, position fix accessing logic 1401 can
output a position, velocity, time (PVT) solution as discussed
above. In accordance with various embodiments, position
fix(es) 1384 can be retrieved from a memory such as 1110
of FIGS. 11A-E and 12A-D, or storage 1360 of FIG. 13. In
accordance with various embodiments, GNSS position fixes
1384 can be generated based upon uncorrected pseudorange
information, smoothed pseudoranges, and corrected pseu-
doranges. In accordance with various embodiments,
smoothed pseudoranges can be generated based upon carrier
phase information, or based upon reconstructed carrier
phase information derived from Doppler shift data. One
example of creating smoothed pseudoranges in accordance
with various embodiments is described in U.S. patent appli-
cation Ser. No. 14/035,884, filed on Sep. 24, 2013, now U.S.
Pat. No. 9,369,843, entitled, “EXTRACTING PSEUDOR-
ANGE INFORMATION USING A CELLULAR DEVICE”
by Rudow et al., the contents of which are incorporated
herein by reference.

10

15

20

25

30

35

40

45

50

55

60

65

36

In accordance with at least one embodiment, accelerom-
eter data accessing logic 1403 of LMM accessing logic 1402
receives accelerometer data 1421 from accelerometer 1115,
or memory 1110 of FIGS. 11A-E and 12A-D, which indi-
cates position shifts of a device (e.g., device 1100 or cellular
device 1200). In accordance with at least one embodiment,
accelerometer data 1421 comprises a ‘6’-vector including
the position coordinates (X, y, z) as well as the orientation
angles 0, ¢, and { of device 1100 or cellular device 1200. In
another embodiment accelerometer data 1421 comprises the
position coordinates (X, y, z) of device 1100 or cellular
device 1200. Image data accessing logic 1404 of LMM
accessing logic 1402 receives image data 1422 which is
output from algorithm 21 of FIG. 1 which also indicates
position shifts of a device (e.g., device 1100 or cellular
device 1200) based upon image data. In accordance with
various embodiments, image data 1422 is updated as algo-
rithm 21 performs rolling sequential bundle adjustments to
image data as described above and can either be sent directly
to image data accessing logic 1422, or to storage such as
memory 1110 of device 1100 or cellular device 1200. In
other words, image data 1422 comprises ‘6’-vector 40
including the position coordinates (x, y, z) as well as the
orientation angles 8, ¢, and 1\ of image capture device 1116
and is updated as new rolling sequential bundle adjustments
are performed by algorithm 21.

In accordance with one embodiment, accelerometer data
accessing logic 1402 outputs accelerometer data 1421 as an
input to position fix smoothing logic 1410 and image data
accessing logic 1404 outputs image data 1422 as another
input to position fix smoothing logic 1410. As shown in FIG.
14, in one embodiment position fix smoothing logic 1410
comprises a Kalman filter 1411 which uses as inputs, posi-
tion fix(es) 1384 and locally measured movement data such
as accelerometer data 1421 and/or image data 1422. In one
or more embodiments, position fix smoothing logic 1410
can use another filtering logic such as Robust Estimation,
Least Square fitting methods, particle filtering, Hough trans-
form, Random Sample Consensus (RANSAC), non-linear
variants, such as sigma-editing, both a priori and a poste-
riori, and non-optimal (in a Gaussian sense) linear variants,
instead of, or in addition to, the use of Kalman filter 1411.
In one embodiment, Least Square fitting methods include
using sequential least squares processing which is similar to
Kalman filtering with the last N position and orientation
states in the filter. In accordance with various embodiments,
the output of Kalman filter 1411 is smoothed position fixes
1429. The smoothed position fixes 1429 are position fixes
with improved quality of measurement for determining with
greater precision, the position of device 1100 and/or cellular
device 1200. More specifically, Kalman filter 1411 can
identify outlier data points of position fix(es) 1384 which
may be caused by erroneous pseudorange determination
based upon, for example, multipath signal propagation
which is exhibited when a GNSS receiver (e.g., GNSS
chipset 1107) is located beneath foliage, or in built-up areas
which tend to reflect GNSS signals from various locations to
the antenna 1332 of the GNSS receiver. These outlier data
points can be compared with accelerometer data 1421 and/or
image data 1422 by Kalman filter 1411 and discarded for use
in determining the position of, for example, device 1100 or
cellular device 1200. In accordance with at least one
embodiment, Kalman filter 1411 replaces the discarded
position fix 1384 with a position fix derived at least in part
using position data (e.g., accelerometer data 1421 and/or
image data 1422) from accelerometer 1115 and/or image
capture device 1116. For example, at a time t0, device 1100
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or cellular device 1200 can generate a position fix 1384
using, for example, GNSS chipset 1107. Subsequent to time
10, as device 1100 or cellular device 1200 is moved it will
continuously generate new position fixes 1384 using GNSS
chipset 1107 as well as locally measured movement data
(e.g., using accelerometer 1115 and/or image capture device
1116) which also can be used to determine a position fix for
device 1100 or cellular device 1200. If it is determined that
there is an outlier position fix 1384 which was generated by
GNSS chipset 1107, Kalman filter 1411 can discard the
erroneous position fix 1384 generated by GNSS chipset
1107 and replace it with a position fix generated using data
received from accelerometer 1115 and/or image capture
device 1116. In accordance with at least one embodiment,
this can comprise adding a movement vector derived from
data (e.g., 1421 and/or 1422) received from accelerometer
1115 and/or image capture device 1116 to a previous “cor-
rect” position fix generated by GNSS chipset 1107.

In another embodiment shown in FIG. 14, accelerometer
data accessing logic 1403 and image data accessing logic
1404 can output accelerometer data 1421 and image data
1422 respectively as inputs to dual-sensor processing logic
1405. In the embodiment of FIG. 14, dual-sensor processing
logic 1405 comprises dual-sensor averaging logic 1406
and/or dual-sensor confidence estimating logic 1407. In
accordance with various embodiments, dual-sensor averag-
ing logic 1406 is configured to determine an average value
of the indicated movement of a device comprising LMM
smoothing logic 1130. For example, if accelerometer data
1421 indicates that device 1100 or cellular device 1200 has
moved 2 meters in a given time interval, and image data
1422 indicates that device 1100 or cellular device 1200 has
moved 2.2 meters in the same time interval, dual-sensor
averaging logic 1406 may average these two values and
determine that device 1100 or cellular device 1200 has
moved 2.1 meters in that time interval. This is output as
movement data 1425 which is input to position fix smooth-
ing logic 1410 instead of accelerometer data 1421 and image
data 1422. It is well known in the art that, over time, the
quality of the estimate of motion detected (e.g., accelerom-
eter data 1421) by an accelerometer (e.g., 1115) degrades at
a much higher rate that the estimate of motion detected by
an image capture device (e.g., 1116), or more specifically
image data 1422. In accordance with at least one embodi-
ment, the discarded position fix is replaced with and aver-
aged position fix based at least in part on data from dual-
sensor averaging logic 1406.

This is shown in greater detail in FIG. 15 which plots
positioning error 1502 as a y-axis over x-axis time 1501.
Also shown in FIG. 15 is the rate of positioning degradation
(over time) using image data (e.g., data plot 1505) and data
plot 1510 which shows the rate of positioning degradation
(over time) using accelerometer data. Typically, plot 1505 of
the rate of positioning degradation (over time) using image
data is a linear function while plot 1510 of the rate of
positioning degradation (over time) using accelerometer
data is a quadratic function meaning that the rate of posi-
tioning degradation over time is much greater when using
accelerometer data. Additionally, the position error from
image capture devices degrades more due to motion rather
than time. Thus, the slope of data plot 1505 will increase as
the velocity of the image capture device 1116 increases.
However, at the velocities encountered by a typical user of
a cellular telephone 1200, or device 1100, the rate of
positioning degradation encountered using image data is still
lower than the rate of positioning degradation encountered
using an accelerometer. Also shown in FIG. 15 is the circular
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error probability of determining a position fix at a given
time. As shown in FIG. 15, at time tl, the circular error
probability (CEP) 1520 using either image data or acceler-
ometer data is roughly the same. Thus, the size of CEP 1520
indicates that an output position fix using either accelerom-
eter data or image data will fall somewhere within the circle
of CEP 1520. As an example, if the size of CEP 1520 is a 20
cm. radius, it means that the determined movement, and in
turn the position fix, of device 1100 or cellular device 1200
when relying upon either image data or accelerometer data
is accurate within a 20 cm. radius of the actual position of
device 1100 or cellular device 1200 at that time. CEP 1521
shows the circular error probability in determining the
position fix using image data at a time t2. Due to the linear
function of plot 1505, the size of CEP 1521 grows at a much
slower rate that the size of CEP 1522 which shows the
circular error probability in determining the position fix
using accelerometer data at t2. Thus, at time t2, if the size of
CEP 1521 now represents a 30 cm. radius, it means that the
determined movement, and in turn the position fix, of device
1100 or cellular device 1200 when relying upon image data
is accurate within a 30 cm. radius of the actual position of
device 1100 or cellular device 1200 at that time. However,
due to the quadratic function used to show the rate of
positioning degradation (over time) using accelerometer
data, the size of CEP 1522 now represents a 100 cm. radius.
Thus, at time t2, the determined movement, and in turn the
position fix, of device 1100 or cellular device 1200 when
relying upon accelerometer data is now accurate within a
100 cm. radius of the actual position of device 1100 or
cellular device 1200 at that time. Thus, over time it becomes
less desirable to rely upon accelerometer data alone in
determining how far device 1100 or cellular device 1200 has
moved.

Returning to FIG. 14, in accordance with various embodi-
ments, weighting of data may be implemented by dual-
sensor averaging logic 1406 based upon how old either of
accelerometer data 1421 and/or image data 1422 is. As an
example, over time image data 1422 can be weighted with
a higher value as a metric of determining locally measured
movement than accelerometer data 1421. Thus, referring
again to FIG. 15, at time tl, accelerometer data 1421 and
image data 1422 can be equally weighted (e.g., 0.5 for both
accelerometer data 1421 and image data 1422) as they both
result in similar CEPs. However, at time t2, due to the much
larger CEP incurred using accelerometer data 1421, image
data 1422 can be given a higher weighted value while
accelerometer data 1421 can be give a lower weighted value
(e.g., 0.7 for image data 1422 and 0.3 for accelerometer data
1421). Thus, in various embodiments, movement data 1425
can represent an average value of locally measured move-
ment of device 1100 or cellular device 1200 based upon
acceleration data 1421 and image data 1422, or can be a
weighted average of locally measured device movement
information based upon acceleration data 1421 and image
data 1422.

In another embodiment, dual-sensor confidence estimat-
ing logic 1407 receives accelerometer data 1421 and image
data 1422 and generates movement data 1426 as an input to
position fix smoothing logic 1410. In accordance with
various embodiments, dual-sensor confidence estimating
logic 1407 is used to determine if either of accelerometer
data 1421 or image data 1422 has become an unreliable
metric for determining the movement of device 1100 or
cellular device 1200. For example, a respective confidence
metric can be generated by dual-sensor confidence estimat-
ing logic 1407 for each of accelerometer data 1421 and
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image data 1422. For example in one embodiment, dual-
sensor confidence estimating logic 1407 can use respective
Kalman filters to identify outlier data points from acceler-
ometer data 1421 and image data 1422. Again, according to
various embodiments, dual-sensor confidence estimating
logic 1407 can use another filtering logic such as Robust
Estimation, Least Square fitting methods, particle filtering,
Hough transform, Random Sample Consensus (RANSAC),
non-linear variants, such as sigma-editing, both a priori and
a posteriori, and non-optimal (in a Gaussian sense) linear
variants, instead of, or in addition to, the use of Kalman filter
1411. In one embodiment, Least Square fitting methods
include using sequential least squares processing which is
similar to Kalman filtering with the last N position and
orientation states in the filter. These outlier data points
would then be discarded by dual-sensor confidence estimat-
ing logic 1407 and not used for position fix smoothing. In
another embodiment, the values of accelerometer data 1421
and image data 1422 can be compared to determine whether
one or the other should be discarded. For example, if
accelerometer data 1421 indicates that device 1100 or cel-
Iular device 1200 has moved 2 meters, image data 1422
indicates that device 1100 or cellular device 1200 has moved
0.5 meters, the disparity between these sets of data may
indicate that one should not be used as an input to position
fix smoothing logic 1410. For example, greater weight may
be given to image data 1422 due to the lower rate of
positioning degradation over time when using image data.
Thus, if there is a disparity between accelerometer data 1421
and image data 1422 which exceeds a pre-determined
parameter, dual-sensor confidence estimating logic 1407
will discard accelerometer data 1421 and send image data
1422 alone to position fix smoothing logic 1410. In accor-
dance with at least one embodiment, when neither acceler-
ometer data 1421 nor image data 1422 is available for
position fix smoothing a default condition in which the
position fix 1384 is output from position fix smoothing logic
1410. Additionally, in accordance with one embodiment, if
accelerometer data 1421 is deemed as having expired, it will
not be used by LMM smoothing logic 1130. For example,
accelerometer data 1421 is combined with a determined
GNSS position fix 1384, which defines an initializing time
for the accelerometer 1115, to derive a subsequent position
fix. However, if the “age” of the GNSS position fix 1384
exceeds a pre-defined parameter (e.g., greater than 10 sec-
onds), the circular error probability of a position fix using
accelerometer data 1421 may be determined to be too great
in accurately determining a position fix. In such a case, the
accelerometer data 1421 may be discarded or disregarded by
LMM smoothing logic 1130 in determining or disciplining
a position fix.

FIG. 16A depicts a diagram of a pattern where locally
measured movement information (e.g., 1421 of FIG. 14)
from an accelerometer (e.g., 1115 of FIG. 11D) to improve
position determination, according to one embodiment. Axis
1601A, 1602A, 1603A are for time for an accelerometer
measurement of movement, a position fix, and a smoothed
position fix respectively. Axis 1601B is for distance mea-
sured by the accelerometer 1115, axis 1602B is for position
fix distance (e.g., 1384 of FIG. 13) output by GNSS chipset
1107, axis 1603B is for a smoothed position fix (e.g., 1429
of FIG. 14) output by LMM smoothing logic 1130. Plot
1612A represents locally determined measurements of the
movement of device 1100 or cellular device 1200 using
accelerometer 1115. As shown in FIG. 16A, the distance
traveled by device 1100 or cellular device 1200 during a
given epoch is represented by the vertical distance between
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two data points (e.g., 1612B and 1612C, or 1614B and
1614C). At time t0, the position of device 1100 or cellular
device 1200 is known using, for example, a position fix 1384
generated by GNSS chipset 1107. Time t0 is also used as the
initializing time for accelerometer 1115. Subsequent posi-
tion fixes 1384 generated by GNSS chipset 1107 are repre-
sented by plot 1614 A. In accordance with various embodi-
ments, the known position of device 1100 or cellular device
1200, as shown as a data point at t0, as well as the locally
measured movement information represented by plot 1612A
provide position fixes for determining the location at which
device 1100 or cellular device 1200 is located based upon
locally measured accelerometer distance 1421. Plot 1616A
represents discreet smoothed position fixes output by LMM
smoothing logic 1130 based upon detecting outlier data
points in plot 1614 A (e.g., 1614C of FIG. 16A) which may
result from various factors which affect the precision with
which a GNSS receiver can determine its position. Distance
measured by the accelerometer 1115 is an example of locally
measured movement information. The locally measured
accelerometer distance 1421 is locally measured movement
of the real distance of a device 1100 or cellular device 1200
as it is moving. The locally measured accelerometer distance
1421 is used to correct the position fix distances 1614C
which indicates that device 1100 or cellular device 1200
moved backwards at data point 1614C. In contrast, data
from accelerometer 1115, as shown in plot 1612A, indicate
that device 1100 or cellular device 1200 continued moving
at a constant rate. As discussed above, the distance traveled
as determined by GNSS chipset 1107 can be determined as
P,-P, (e.g., data point 1614B-data point 1614C). In accor-
dance with at least one embodiment, when the distance
traveled (e,g., P, -P,) exceeds a locally measured movement
(LMM) position shift distance for the same epoch (e.g.,
1612B-1612C) by a selected threshold value (e.g., 1.5 times
the LMM position shift distance or greater), the GNSS
position fix at P, (e.g., 1614C) is identified as an outlier data
point and is discarded and the LMM position shift distance
(e.g., 1612B-1612C) is added to the previous GNSS position
fix (e.g. P, (data point 1614B)) to determine the position of
a device. As a result, data point 1616B of smoothed position
fix plot 1616A approximates the accelerometer distance data
point 1612C rather than position fix distance data point
1614C. It is noted that the selected threshold value used to
identify an outlier data point can be larger or smaller than
that discussed above. In accordance with various embodi-
ments, upon detecting outlier data such as data point 1614C,
LMM smoothing logic 1130 discards that outlier position fix
1384, and replaces it with a new smoothed position fix 1429
of FIG. 14 (e.g., data point 1616B of FIG. 16A) based at
least in part on the data from accelerometer 1115. In accor-
dance with various embodiments the accelerometer data
1421 from accelerometer 1115 (e.g., 1612C of FIG. 16A)
can be used as a replacement to an outlier position fix data
point (e.g., 1614C) to derive a smoothed position fix data
point (e.g., 1616B). As depicted, at point 1620, the accel-
erometer reaches a limiting factor at which time data from
accelerometer 1115 may be considered unreliable as dis-
cussed above at which point accelerometer 1115 can be set
to zero.

FIG. 16B depicts a diagram of a pattern where locally
measured movement information (e.g., plot 1618A of FIG.
16B) from an image capture device (e.g., 1116 of FIG. 11D)
to improve position determination, according to one
embodiment. Axis 1602A, 1603 A, 1604 A are for time, axis
1604B is for distance measured by the image capture device
1116, axis 1602B is for position fix distance (e.g., data plot
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1614D), axis 1603B is for smoothed position fixes (e.g., data
plot 1616C). Distance measured by the image capture device
1116 is another example of locally measured movement
information. The locally measured image capture device
distances shown in plot 1618A represent locally measured
movements of the real distance device 1100 or cellular
device 1200 has moved since time t0. The locally measured
image capture device distance 1618B is used to correct the
position fix distance 1614E which has been identified as an
outlier by LMM smoothing logic 1130. In other words, the
distance traveled by device 1100 and/or cellular device 1200
(e.g., position fix 1384 as shown at data point 1614E of FIG.
16B) exceeds the locally measured movement (LMM) posi-
tion shift distance for the same epoch by a selected threshold
value. As a result, data point 1616D of smoothed position fix
plot 1616C approximates the image measured distance data
point 1618B rather than position fix distance data point
1614D. Therefore, the plot of the smoothed position fix
distances 1616C approximates the data shown in plot
1618A.

FIG. 16C depicts a diagram of a pattern where locally
measured movement information data plots 1612D and
1618D respectively from accelerometer 1115 and image
capture device 1116 are continuously integrated together to
improve position determination during a period of time.
Again, the data points comprising data plots 1612D and
1618D are based upon accelerometer data 1421 and image
data 1422 respectively. Axis 1601A, 1602A, 1603A and
1604 A are for time, axis 1601B represents distances mea-
sured by the accelerometer 1115 as shown by plot 1612D,
axis 1602B represents position fix distances as shown by
plot 1614G, axis 1603B represents smoothed position fixes
as shown by plot 1616E, and axis 1604B is for distances
measured by image capture device 1116 as shown by plot
1618D. Distances represented in plots 1612C and 1618D are
based upon data from accelerometer 1115 and image capture
device 1116 and are examples of locally measured move-
ment information. In the example of FIG. 16C, distances
from plots 1612C and 1618D are used to correct an outlier
position fix 1614G. In FIG. 16C, the data from accelerom-
eter 1115 is differing somewhat from that received from
image capture device 1116, possibly due to the greater
increase in positioning error over time exhibited by accel-
erometers. Therefore, the curve of the smoothed position fix
as shown by plot 1616E approximates the curve of plot
1618D rather than plot 1612D as the data from image
capture device 1116 is used as the basis for correcting the
outlier position fix 16141. In other words, the distance
traveled by device 1100 and/or cellular device 1200 (e.g.,
position fix 1384 as shown at data point 1614G of FIG. 16C)
exceeds the locally measured movement (LMM) position
shift distance for the same epoch by a selected threshold
value. As a result, data point 1616F of smoothed position fix
plot 1616E approximates the image measured distance data
point 1618B rather than position fix distance data point
1614G.

FIG. 16D depicts a diagram of a pattern where the
position determination is improved by alternating the use of
non-overlapping locally measured movement information
1612G and 1618G from accelerometer 1115 and image
capture device 1116 respectively, according to one embodi-
ment. For example, up to time t1, only the locally measured
movement information from accelerometer 1115 (e.g., accel-
erometer data 1421) is used as represented by plot 1612G.
Subsequent to that only the locally measured movement
information from image capture device 1116 (e.g., image
data 1422) is used as represented by plot 1618G. The locally
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measured accelerometer data 1612G and the image capture
device’s data 1618G are used to correct the position fix
distances as represented by plot 1614] as needed. More
specifically, the position fix represented by data point 1614J
is identified as an outlier data point and is replaced based
upon image data 1422 due to the timeout limit 1620 having
been reached for data from accelerometer 1115. Therefore,
the curve of the smoothed position fixes as shown by plot
1616H utilizes image data 1422 to derive a position fix using
data point 1618H to replace data point 1614J.

For the sake of simplicity, FIGS. 16A-16D were depicted
with movement information from one sensor or two sensors.
Also, the features dual-sensor averaging logic 1406 and
dual-sensor confidence estimating logic 1407 have not been
represented in FIGS. 16A-16D. Additionally, various
embodiments are well suited to a different number of sensors
as well.

In the above description of various embodiments, device
1100 or cellular device 1200 was used as example devices.
In current practice, most cellular telephones currently are
configured with image capture devices, GPS/GNSS chip-
sets, and accelerometers which can be in accordance with
various embodiments. It is noted that various embodiments
are not limited to cellular devices alone and can be imple-
mented on a wide variety of devices (e.g., 1100 of FIGS.
11A-E) including, but not limited to, laptop computers,
tablet computers (e.g., Microsoft Surface, Apple iPads and
iPad mini families; and Samsung Galaxy Tab families),
personal digital assistants (PDAs), surveying devices such
as surveying rover units, a surveying data collector, a
vehicular system, or the like.

FIG. 17A is a block diagram of a positioning component
1700 which provides locally measured movement smooth-
ing of position fixes for an image capture capable device in
accordance with at least one embodiment. It is noted that the
image capture capable device with which positioning com-
ponent 1700 is coupled may comprise a camera, a video
camera, a digital camera, a digital video camera, a digital
camcorder, a stereo digital camera, a stereo video camera, a
motion picture camera, and a television camera. For the
purpose of the present discussion, positioning component
1700 will be described as being coupled with a “camera”.

The positioning component 1700 includes a bus 1718, a
GNSS chipset 1707, a processor 1709, memory 1710, a
display 1712, at least one accelerometer 1715, locally mea-
sured movement smoothing logic 1130 (e.g., LMM smooth-
ing logic 1130), and operating system 1160. Components
1707,1709,1710, 1712, and 1715, are all connected with the
bus 1718. For the purpose of brevity, the function of the
components listed above will not be repeated as they have
been described in detail with reference to FIGS. 11A-E and
12A-D. In FIG. 17A, positioning component 1700 further
comprises an input/output (I/0) connection 1710. I/O con-
nection 1710 is used to facilitate the exchange of data
between positioning component 1700 and a camera with
which it is coupled. Examples of /O connection 1710 in
accordance with various embodiments include, but are not
limited to, implementations of the IEEE 1394 serial bus
interface standards more commonly known as “Firewire”
and a Universal Serial Bus (USB) connection, or both.
Firewire and USB are widely used in the consumer market
and in at least embodiment, both connections are provided
by I/O connection 1710. It is noted that I/O connection 1710
is not limited to these implementations alone and that other
industry standard, or proprietary, connectors and communi-
cation protocols may be implemented as /O connection
1710. Increasingly, the market is overwhelmingly domi-
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nated by digital cameras which may, or may not have
integrated position fix generating capabilities. In accordance
with various embodiments, positioning component 1700 can
be coupled with a camera to provide positioning information
based upon position fixes generated by GNSS chipset 1707,
or by a GNSS chipset internal to the camera to which it is
coupled. In so doing, positioning component 1700 facilitates
using locally measured movement smoothing of position
fixes generated by the camera itself, accelerometer 1715, or
by GNSS chipset 1707. It is noted that in at least one
embodiment, GNSS chipset 1707 can be a high precision
GNSS receiver such as 1107 of FIG. 13. Furthermore, while
not shown in FIG. 17A, other components described above
with reference to FIGS. 11A-E and 12A-D can be imple-
mented by positioning component 1700. Examples include,
but are not limited to, satellite receiver 1106, FM radio
receiver 1108, cellular transceiver 1111, and Wi-Fi trans-
ceiver 1114 which can be used to receive GNSS corrections
data from sources outside of positioning component 1700.
Display 1712 can be used to display for users a visual
representation, using a map display, of the location at which
they are located as determined by LMM smoothing logic
1130.

FIG. 17B is a block diagram of a locally measured
movement component 1750 which provides locally mea-
sured movement smoothing of position fixes for GNSS
receivers in accordance with at least one embodiment. The
locally measured movement component 1750 includes a bus
1718, a processor 1709, memory 1710, a display 1712, at
least one accelerometer 1715, an image capture device 1716,
locally measured movement smoothing logic 1130 (e.g.,
LMM smoothing logic 1130), and operating system 1160.
Components 1709, 1710, 1712, 1715, and 1716 are all
connected with the bus 1718. For the purpose of brevity, the
function of the components listed above will not be repeated
as they have been described in detail with reference to FIGS.
11 and 17A. Many people own personal GPS/GNSS receiv-
ers which they can use for navigation, either on foot, by
bicycle, or in a vehicle. In accordance with various embodi-
ments, locally measured movement component 1750 can be
coupled with a GPS/GNSS receiver to provide positioning
information including position fix smoothing based upon
position fixes generated by a GNSS chipset internal to the
GPS/GNSS receiver to which it is coupled. In so doing,
locally measured movement component 1750 facilitates
using locally measured movement smoothing of position
fixes generated by the GPS/GNSS receiver itself, acceler-
ometer 1715, or by GNSS chipset 1707. While not shown in
FIG. 17B, other components described above with reference
to FIG. 11D can be implemented by locally measured
movement component 1750. Examples include, but are not
limited to, satellite receiver 1106, FM radio receiver 1108,
cellular transceiver 1111, and Wi-Fi transceiver 1114.

FIG. 18 is a flowchart of a method 1800 of improving
position determination of a device using locally measured
movement in accordance with at least one embodiment.

In operation 1810 of FIG. 18, a first position fix of a
Global Navigation Satellite System (GNSS) receiver system
(e.g., GNSS chipset of FIGS. 11A-E and 12A-D) of a device
is accessed. As discussed above, in accordance with various
embodiments, LMM smoothing logic 1130 obtains position
fixes (e.g., 1384 of FIG. 13) either directly from a GNSS
receiver system, or from a memory to which those position
fixes are stored. In accordance with various embodiments,
the GNSS receiver system comprises a plurality of sub-
systems and wherein at least one of said plurality of sub-
systems is accessible by a processor, or the GNSS receiver
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system comprises a GNSS chipset. In various embodiments
the device of which the GNSS receiver is a portion is a
mobile device that may easily be moved from a first position
to a second position that is different from the first position.
Some examples of devices that are easily moved are those
that are hand-holdable such as cellular telephones and tablet
computers or wearable devices such as watches, rings,
bracelets, and the like. In some embodiments, the device
itself may be coupled with or a portion of a mobile entity
such as a vehicle. For example, the device may be a portion
of an unmanned aerial vehicle (also known as a remotely
piloted vehicle or a drone).

In operation 1820 of FIG. 18, a second position fix of said
GNSS receiver system is accessed at a subsequent time to
said first position fix. As shown in FIGS. 16A-16D, plots
1614A, 1614D, 1614G, and 16141 show plots of data points
representing a plurality of position fixes from a GNSS
receiver or GNSS chipset 1107.

In operation 1830 of FIG. 18, locally measured device
movement information is obtained from at least one sensor
that is in a known physical relationship to the device for a
time period after the first position fix and no later than the
second position fix. The known physical relationship may be
at a known location that is either internal or external to the
device. For example, with respect to an externally located
sensor, the location and orientation of the sensor is known
with respect to the device and other components of the
device. For example, with respect to an externally located
sensor, the sensor may be physically separate from the
device at a fixed distance and relationship with respect to the
device and components of the device (e.g., in one embodi-
ment both the device and the sensor may be coupled to one
another in a fixed relationship with hook and loop fasteners,
adhesive, or other fasteners; in another embodiment both the
device and the sensor may commonly coupled separately,
but in a fixed relationship with one another, to a shared
intermediate item such as, but not limited to, a pole or a
portion of an unmanned aerial vehicle). The sensor is
selected from at least one of an image capture device (e.g.,
1116 of FIG. 11D) and at least one accelerometer (e.g., 1115
of FIG. 11D). Referring again to FIG. 14, accelerometer data
1421 and image data 1422 are received by LMM accessing
logic 1402. In at least one embodiment, the accelerometer
data 1421 and/or image data 1422 is retrieved from a
memory. In accordance with various embodiments, the
accelerometer data 1421 and the image data 1422 can be sent
directly to position fix smoothing logic 1410. Alternatively,
accelerometer data 1421 and image data 1422 can be sent to
dual-sensor processing logic 1405. In one embodiment,
dual-sensor averaging logic 1406 of dual-sensor processing
logic 1405 creates an average value of locally measured
device movement information received from accelerometer
1115 and image capture device 1116 to indicate the move-
ment of the device. In one embodiment, the average value of
locally measured device movement information comprises a
weighted average. In another embodiment, dual-sensor con-
fidence estimating logic 1407 of dual-sensor processing
logic 1405 is configured to determine if the locally measured
device movement information (e.g., accelerometer data
1421) received from accelerometer 1115 has become an
unreliable metric for determining the movement of a device.
In response to determining that the locally measured device
movement information received from accelerometer 1115
has become an unreliable metric for determining the move-
ment of a device, dual-sensor processing logic 1405 is
configured to use the locally measured device movement
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information (e.g., image data 1422) received from image
capture device 1116 for disciplining the second position fix.

In operation 1840 of FIG. 18, the quality of measurement
of the second position fix is improved by disciplining the
second position fix based on the locally measured device
movement information. In accordance with various embodi-
ments, position fix smoothing logic 1410 is configured to
adjust erroneous position fixes which may be generated by
the GNSS receiver system due to, for example, multipath
signal error which can cause erroneous calculation of a
position fix. In one embodiment, position fix smoothing
logic 1410 comprises a Kalman filter 1411 which is config-
ured to determine that the second position fix comprises an
outlier value. In one or more embodiments, position fix
smoothing logic 1410 can use another filtering logic such as
Robust Estimation, Least Square fitting methods, particle
filtering, Hough transform, Random Sample Consensus
(RANSACQC), non-linear variants, such as sigma-editing, both
a priori and a posteriori, and non-optimal (in a Gaussian
sense) linear variants, instead of, or in addition to, the use of
Kalman filter 1411. In one embodiment, Least Square fitting
methods include using sequential least squares processing
which is similar to Kalman filtering with the last N position
and orientation states retained in the filter. Referring again to
FIGS. 16 A-16D, in accordance with various embodiments,
Kalman filter 1411 is configured to detect when outlier
values of position fixes 1384 (e.g., 1614C, 1614E, 1614I,
and 1614K respectively) occur. In accordance with at least
one embodiment, Kalman filter 1411 is configured to discard
a position fix which is identified as an outlier value. In at
least one embodiment, Kalman filter 1411 is configured to
use locally measured device movement information origi-
nating from accelerometer 1115 and/or image capture device
1116 and received either from LMM accessing logic 1402 or
dual-sensor processing logic 1405.

In accordance with various embodiments, the GNSS
receiver system comprises a plurality of sub-systems of
which at least one of the sub-systems is accessible by a
processor and the accessing of position fixes, obtaining
locally measured device movement information, and
improving the quality of measurement of the second position
fix are performed by one or more hardware processors
located in the GNSS receiver system. In another embodi-
ment, the GNSS receiver system comprises a GNSS chipset
1107 and the accessing of position fixes, obtaining locally
measured device movement information, and improving the
quality of measurement of the second position fix are
performed by one or more hardware processors located in
the device and outside of the GNSS chipset (e.g., 1109 of
FIGS. 11A-E and/or 12A-D). In at least one embodiment,
the GNSS receiver system comprises a GNSS chipset 1107
and the accessing of position fixes, obtaining locally mea-
sured device movement information, and improving the
quality of measurement of the second position fix are
performed by one or more hardware processors (e.g., 1354
of FIG. 13) located in GNSS chipset.

CONCLUSION

Example embodiments of the subject matter are thus
described. Although the subject matter has been described in
a language specific to structural features and/or method-
ological acts, it is to be understood that the subject matter
defined in the appended claims is not necessarily limited to
the specific features or acts described above. Rather, the
specific features and acts described above are disclosed as
example forms of implementing the claims.
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Various embodiments have been described in various
combinations and illustrations. However, any two or more
embodiments or features may be combined. Further, any
embodiment or feature may be used separately from any
other embodiment or feature. Phrases, such as “an embodi-
ment,” “one embodiment,” among others, used herein, are
not necessarily referring to the same embodiment. Features,
structures, or characteristics of any embodiment may be
combined in any suitable manner with one or more other
features, structures, or characteristics.

What is claimed is:
1. A method of improving position determination of a
device using locally measured movement, said method
comprising:
accessing a first position fix of a Global Navigation
Satellite System (GNSS) receiver system of a device;

accessing a second position fix of said GNSS receiver
system at a subsequent time to said first position fix;

obtaining locally measured device movement informa-
tion, from at least one sensor that is in a known physical
relationship to said device, for a time period after said
first position fix and no later than said second position
fix, wherein said at least one sensor comprises an image
capture device; and

improving a quality of measurement of said second posi-

tion fix by disciplining said second position fix based
on said locally measured device movement informa-
tion.

2. The method of claim 1 wherein said at least one sensor
further comprises at least one accelerometer which is not a
component of an inertial measurement unit (IMU).

3. The method of claim 2 further comprising:

determining if the locally measured device movement

information received from said accelerometer has
become an unreliable metric for determining the move-
ment of said device; and

responsive to said locally measured device movement

information received from said accelerometer being
determined to be unreliable for determining the move-
ment of said device, using the locally measured device
movement information received from said image cap-
ture device for disciplining said second position fix.

4. The method of claim 1 wherein said GNSS receiver
system comprises a plurality of sub-systems and wherein at
least one of said plurality of sub-systems is accessible by a
processor.

5. The method of claim 4 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said GNSS receiver system.

6. The method of claim 1 wherein said GNSS receiver
system comprises a GNSS chipset.

7. The method of claim 6 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said device and outside of
said GNSS chipset.

8. The method of claim 6 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said GNSS chipset.

9. The method of claim 1 further comprising:

determining that said second position fix comprises an

erroneous position fix.

10. The method of claim 9 wherein said improving said
quality of measurement of said second position fix further
comprises:

using a Kalman filter to determine that said second

position fix comprises an outlier value.



of claim 18 wherein said at least one sensor further com-
prises at least one accelerometer which is not a component
of an inertial measurement unit (IMU).
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11. The method of claim 10 further comprising:

discarding said second position fix based on said locally
measured device movement information.

12. The method of claim 10 further comprising:

using locally measured device movement information 5
received from at least said image capture device to
derive a third position fix.

13. The method of claim 1 further comprising:

determining an average value of locally measured device
movement information received from said image cap-
ture device to indicate the movement of said device.

14. The method of claim 13 wherein said average value

10

comprises a weighted average of locally measured device
movement information received from said image capture
device.

15

15. The method of claim 1 further comprising:

capturing audio information using a microphone coupled
with said device; and

converting said audio information using an analog-to-
digital converter (ADC).

16. The method of claim 1, wherein said accessing a first

20

position fix of a Global Navigation Satellite System (GNSS)
receiver system of a device, wherein said device is a mobile
device:

accessing said first position fix of said GNSS receiver
system of said device, wherein said device is a mobile
device.

17. The method of claim 1, wherein said accessing a first

25

position fix of a Global Navigation Satellite System (GNSS)
receiver system of a device, wherein said device is a mobile
device:

30

accessing said first position fix of said GNSS receiver
system of said device, wherein said device is disposed
as a portion of an unmanned aerial vehicle.

18. A non-transitory computer readable storage medium 35

having computer readable instructions stored thereon for
causing a computer system to perform a method of improv-
ing position determination of a device using locally mea-
sured movement, said method comprising:

accessing a first position fix of a Global Navigation
Satellite System (GNSS) receiver system of a device;

accessing a second position fix of said GNSS receiver
system at a subsequent time to said first position fix;

obtaining locally measured device movement informa-
tion, from at least one sensor that is in a known physical
relationship to said device, for a time period after said
first position fix and no later than said second position
fix, wherein said at least one sensor comprises an image
capture device; and

improving a quality of measurement of said second posi-
tion fix by disciplining said second position fix based
on said locally measured device movement informa-
tion.

19. The non-transitory computer readable storage medium
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20. The non-transitory computer readable storage medium

of claim 19, wherein said method further comprises:

determining if the locally measured device movement
information received from said accelerometer has
become an unreliable metric for determining the move-
ment of said device; and

responsive to said locally measured device movement
information received from said accelerometer being
determined to be unreliable for determining the move-
ment of said device, using the locally measured device
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movement information received from said image cap-
ture device for disciplining said second position fix.

21. The non-transitory computer readable storage medium
of claim 18 wherein said GNSS receiver system comprises
a plurality of sub-systems and wherein at least one of said
plurality of sub-systems is accessible by a processor.

22. The non-transitory computer readable storage medium
of claim 21 wherein said accessing, said obtaining, and said
improving are performed by one or more hardware proces-
sors located in said GNSS receiver system.

23. The non-transitory computer readable storage medium
of claim 18 wherein said GNSS receiver system comprises
a GNSS chipset.

24. The non-transitory computer readable storage medium
of claim 23 wherein said accessing, said obtaining, and said
improving are performed by one or more hardware proces-
sors located in said device and outside of said GNSS chipset.

25. The non-transitory computer readable storage medium
of claim 23 wherein said accessing, said obtaining, and said
improving are performed by one or more hardware proces-
sors located in said GNSS chipset.

26. The non-transitory computer readable storage medium
of claim 18 wherein said improving said quality of mea-
surement of said second position fix further comprises:

determining that said second position fix comprises an
erroneous position fix.

27. The non-transitory computer readable storage medium
of claim 26 wherein said improving said quality of mea-
surement of said second position fix further comprises:

using a Kalman filter to determine that said second
position fix comprises an outlier value.

28. The non-transitory computer readable storage medium
of claim 27 further comprising:

discarding said second position fix based on said locally
measured device movement information.

29. The non-transitory computer readable storage medium

of claim 27 further comprising:

using locally measured device movement information
received from at least said image capture device to
derive a third position fix.

30. The non-transitory computer readable storage medium

of claim 18 further comprising:

determining an average value of locally measured device
movement information received from said image cap-
ture device to indicate the movement of said device.

31. The non-transitory computer readable storage medium
of claim 30 wherein said average value comprises a
weighted average of locally measured device movement
information received from said image capture device.

32. The non-transitory computer readable storage medium
of claim 18 wherein said method further comprises:

capturing audio information using a microphone coupled
with said device; and

converting said audio information using an analog-to-
digital converter (ADC).

33. A system for improving position determination of a
device using locally measured movement, said system com-
prising:

a locally measured movement (LMM) smoothing logic
component implemented by a processor for accessing a
first position fix of a Global Navigation Satellite Sys-
tem (GNSS) receiver system of a device and for
accessing a second position fix of said GNSS receiver
system at a subsequent time to said first position fix;

an image capture device for obtaining locally measured
device movement information from at least one sensor,
that is in a known physical relationship to said device,
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for a time period after said first position fix and no later
than said second position fix; and

wherein said LMM smoothing logic is further configured
for improving a quality of measurement of said second
position fix by disciplining said second position fix
based on said locally measured device movement infor-
mation.

34. The system of claim 33 further comprising:

at least one accelerometer, which is not a component of an
inertial measurement unit (IMU), that is in a known
physical relationship to said device, for obtaining
locally measured device movement information for a
time period after said first position fix and no later than
said second position fix.

35. The system of claim 34 further comprising:

a dual-sensor averaging logic implemented by said pro-
cessor for determining an average value of locally
measured device movement information received from
said accelerometer and said image capture device to
indicate the movement of said device.

36. The system of claim 35 wherein said average value
comprises a weighted average of locally measured device
movement information received from said accelerometer
and said image capture device.

37. The system of claim 34 further comprising:

a dual-sensor averaging logic implemented by said pro-
cessor for determining if the locally measured device
movement information received from said accelerom-
eter has become an unreliable metric for determining
the movement of said device and for using the locally
measured device movement information received from
said image capture device for disciplining said second
position fix in response to determining information
received from said accelerometer is unreliable for
determining the movement of said device.

38. The system of claim 33 further comprising:

a microphone configured for capturing audio information;
and
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an analog-to-digital converter (ADC) coupled with micro-
phone and configured to convert the audio information
to a digital format.

39. The system of claim 33 wherein said GNSS receiver
system comprises a GNSS chipset.

40. The system of claim 33 wherein said GNSS receiver
system comprises a plurality of sub-systems and wherein at
least one of said plurality of sub-systems is accessible by a
processor.

41. The system of claim 40 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said GNSS receiver system.

42. The system of claim 33 wherein said LMM smoothing
logic is configured to determine that said second position fix
comprises an erroneous position fix.

43. The system of claim 42 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said device and outside of
said GNSS chipset.

44. The system of claim 42 wherein said accessing, said
obtaining, and said improving are performed by one or more
hardware processors located in said GNSS chipset.

45. The system of claim 42 wherein said LMM smoothing
logic comprises a Kalman filter configured to determine that
said second position fix comprises an outlier value.

46. The system of claim 45 wherein said LMM smoothing
logic is further configured to discard said second position fix
based on said locally measured device movement informa-
tion.

47. The system of claim 45 wherein said LMM smoothing
logic is further configured to use locally measured device
movement information received from at least said image
capture device.

48. The system of claim 33, wherein said device com-
prises a mobile device.

49. The system of claim 33 wherein said device is a
portion of an unmanned aerial vehicle.
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